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ABSTRACT 
Genomic era begins with development of sequencing methods. Genome sequencing is now 
cost-effective and fast, giving rise to increasing amounts of genomic data. However, the function 
of 1% of the deposited sequences have been experimentally characterized. There is no robust 
method of functional assignment for these sequences. Functional assignments are now performed 
using a variety of software tools to utilize the known biochemical data of characterized proteins to 
annotate similar sequences in genome databases. With this large scale automatic annotations of 
genome databases, annotations were transferred from homologs regardless of their reliability 
which result in propagation of errors and transfer misleading information to scientific community. 
Nevertheless, annotating the homologs within a superfamily is a valid approach. To this end, the 
enolase superfamily is an excellent model system for functional assignment. Structurally, this 
superfamily contain substrate specificity residues in the N-terminal capping domain and catalytic 
residues in the C-terminal barrel domain. These proteins with the common structural fold have the 
ability to abstract a proton α to carboxylate on the substrate before proceeding to dehydration, 
epimerization, deamination, racemization or cycloisomerization. There have been enough studies 
of this superfamily to provide valuable insight into the types of reactions performed based on 
catalytic residues and substrate specificity residues, establishing basis for functional 
characterization of unknown members. 
In this thesis, I discuss my efforts on characterizing an enolase superfamily member: D- 
glucarate dehydratase related protein (GlucDRP). GlucDRP share more than 60% sequence 
identity with GlucD, a well-characterized protein. I showed that there is a protein-protein 
interaction between GlucD and GlucDRP which form a detectable heterospecies. The kinetics of 
heterospecies, isolated from wild type E. coli, was equal to an average of the activity of a GlucD 
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and a GlucDRP. Additionally, to determine what percent of GlucDRPs involves in the formation 
of the heterospecies, a hexahistidine-tag was introduces upstream of the GlucDRP gene in the E. 
coli chromosome and it was shown that more than half of expressed GlucDRP forms heterospecies. 
Finally, the three-dimensional crystal structure of the heterospecies was determined which 
confirmed the formation of α2/β2 tetramers of GlucD and GlucDRP. 
At a BLAST e-value of 10-175, three clusters of GlucDRPs segregated from the authentic GlucD. 
Structural alignments of GlucD and GlucDRP proteins showed good superposition between these 
structures except in 100s loop, which interacts with the substrate and closes the active site upon 
entrance of the substrates. This structural differences may be responsible for differences in 
catalytic activity.  
I investigated the protein-protein interaction between GlucD and GlucDRP from the three 
GlucDRP clusters in three organisms: Burkholderia cepacia, Actinobacillus succinogenes 130Z, 
and Ralstonia pickettii 12j and the formation of heterospecies in these proteins were confirmed. 
Additionally, I showed that GlucDRP promotes faster growth on glucarate media. D-glucarate is 
a component of urine, and as an occasional colonizer of the bladder and urinary tract, E. coli might 
have evolved mechanisms to rapidly catabolize a less favored source of energy like D-glucarate 
and outcompete other resident microorganisms.  
In this thesis, I assigned a novel function, L-lyxonate dehydratase activity, to a mandelate 
racemase (MR) subgroup of the enolase superfamily. In vitro and in vivo data were combined here 
to show that the dehydration of L-lyxonate is the biological role of the enzymes in this protein 
family. Through in vitro experiment, catalytic efficiency of ~ 104 M-1s-1 was measured for L-
lyxonate dehydratase protein. In vivo growth studies revealed that L-lyxonate is a carbon source 
for Pseudomonas aeruginosa and transcriptome analysis showed that the L-lyxonate dehydratase 
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gene along with some neighboring genes were expressed in L-lyxonate grown cells. The 
neighboring genes were cloned and purified to be tested on the L-lyxonate degradation 
intermediates and it was shown that upon dehydration of L-lyxonate and formation of 2-keto-3-
deoxy-L-lyxonate, a second dehydratase act to convert the product to yield α-ketoglutarate 
semialdehyde. In the final step a dehydrogenase oxidizes α-ketoglutarate semialdehyde to α-
ketoglutarate, an intermediate in the citric acid cycle. Mutational studies revealed that L-lyxonate 
dehydratase proteins possess a catalytic His-Asp dyad at the end of the seventh and six β-strands 
of the (β/α)7β-barrel domain and a KxR motif at the end of second β-strand. This is the first 
example of an L-lyxonate dehydratase in the enolase superfamily and the first example of a 
pathway for degradation of L-lyxonate. 
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1 CHAPTER 1. INTRODUCTION 
1.1  Advances in sequencing technology in genomic era 
 
Genomic era begins with development of sequencing methods. In 1975, the Sanger method 
for dideoxy-chain terminator incorporation was introduced as a sequencing method (Figure 1.1-
A). Later, exploiting fluorescently-labeled dideoxy probes allowed for a base-specific analysis 
using a color readout from gel electrophoresis (Figure 1.1-B, C). Since then, the core chemical 
process has remained unmodified and the whole focus for advancing the sequencing was on all 
other cores of the process, such as data analysis or electrophoresis cores. These advancements 
results in high speed sequencing to serve the goal of massive projects like Human Genome Project 
(HGP) (1, 2).  
 The cost of sequencing over a decade dropped by 100-fold, mostly due to early investment 
in the development of high-throughput and cost-effective sequencing methods, e.g. massive 
parallelization and automations. There are even some efforts in different sequencing centers for 
developing new ultra-low-cost-sequencing, or ULCS, technologies that will reduce the cost of 
sequencing by several orders of magnitude (3).  
In post genomic era, we do not lack the sequencing data, instead we need to discover the 
meaning of the sequencing data which will revolutionize our understanding of biology and 
medicine. (4). To access the wealth of the information from sequencing, we have to be able to 
interpret the data. As an example, reading sequencing data is like being able to read a book but 
only knowing the alphabet. To gain an advantage, we need to learn the language and understand 
the meaning/context. 
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Figure 1.1 The Fluorescent Sanger (dideoxy method). A) Old radioactivity labeled method and 
current Fluorescent Sanger sequencing methods. B) Current sequencing data printout. 
 
 Post-genomic challenges 
The genomic era has brought about remarkable access to the complete genome of verities 
of organisms. Today the number of sequences in the UniProtKB/TrEMBL and 
UniProtKB/SwissProt databases is increasing, with > 55 million non-redundant entries as of March 
2014 ( 
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Figure 1.2). However, the functions of less than 1% of these proteins have been 
experimentally characterized (UniProtKB/SwissProt). To understand the functions of these 
sequences, conducting biochemical and genetic experiments for each protein individually is 
unrealistic. 
Understanding the sequencing data can assist us in understanding the mechanism of the 
physiological process. We need to understand what the translational unit of the sequencing data is; 
to what regulon it belongs; in what condition(s) it will get translated/induced; what transcription 
factors are influencing it; in what physiological pathways it serves, what modifications and 
interactions it undergoes, etc. Addressing these questions is facilitated by using this great wealth 
of sequencing data. 
 
Figure 1.2 The number of sequences in UniProtKB/TrEMBL databases. Currently, the number of 
entries deposited in the sequence databases are exponentially increasing. 
 
 Genome annotations in databases 
Genome annotation is the first step in characterizing cellular processes or discovering new 
metabolic pathways in sequenced organisms. Functional assignments are now performed using a 
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variety of software tools to exploit the known biochemical data of characterized proteins to 
annotate similar sequences in genome databases (5). A general approach for functional assignment 
is through homology, this means that if a protein shares a certain percent identity with an annotated 
protein, then the annotation will be automatically transferred. 
Ambiguity emerges when the top hits in sequence alignment are non-experimentally 
characterized, poorly annotated or incorrectly predicted functions that result in unreliable 
annotations. With large scale automatic annotations of genome databases, annotations were 
transferred from homologs regardless of their reliability which result in propagation of errors and 
transfer misleading frame-work to scientific community (6). Additionally, many proteins are 
multifunctional and assignment of a single function is an ambiguous and error-prone method (6) . 
Many efforts have been made to provide high-quality annotations to the unknown 
sequences. However, there is no high throughput method for accurately assigning a function to a 
protein based on its sequence. Additionally, studying individual sequences is not practical. 
Therefore, annotating unknown sequences based on homology to a limited number of 
experimentally characterized proteins is not accurate.  
 The number of available structural data is remarkably increasing over the last decade. With 
these advances, the information landscape is prepared for enzymologist to perform parallel 
structure/function studies on related enzymes which are derived from a common ancestor. 
Enzymologist now can better decipher the structural bases for catalysis and better understand 
nature’s strategies for achieving different catalytic proficiencies. 
 
 Studying superfamilies  
Annotating the homologs within a superfamily is a plausible approach. Superfamilies are 
defined as groups of homologous enzymes that have maintained the same overall 3-D structure 
and catalytic residues. However, they can utilize a diverse set of substrates to catalyze different 
reactions (8). Our goal is to develop a reliable computational approach for predicting unknown 
protein functions within a superfamily. In fact, the three-dimensional structure comparison is more 
reliable than conventional sequence-based methods for detecting homology. Superfamily members 
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share three-dimensional structures, although they can share as low as 10% sequence similarity (9) 
(Figure 1.3).  
Notably, the existence of superfamilies is remarkable evidence for divergent evolution, in 
which novel functions emerge from a common ancestor. Protein evolution occurs as the result of 
mutations in gene sequences that confer an alteration to the structure of a protein, potentially 
resulting in the alteration of that protein’s function.  
Multiple mutations over large timescales provide thoroughly new and unique protein 
functions while maintaining an overall structure. As a new function evolves, the original function 
tends to be lost. Evolution thus requires the duplication of the original gene in order to allow for 
the design of new functions without sacrificing the old one. To rationalize evolution of new 
functions, it was hypothesized that new function upon gene duplication have a promiscuous 
activities on different substrates at low levels (10). 
The focus of this thesis is on enolase superfamily members; a mechanistically diverse 
superfamily that is able to catalyze diverse reactions through a common step of abstraction of α-
proton to carboxylate and formation of an enolate intermediate anion.  
 
 Enolase superfamily as a model system 
The enolase superfamily contains proteins with a common structural fold and the ability to 
abstract a proton α to carboxylate with more than 25000 sequences, 7 subgroups and 20 families 
(11) (Figure 1.3) ( Figure 1.5). Members catalyze a variety of different reactions including β-
elimination of water and ammonia, cycloisomerization, epimerization, racemization. The first 
canonical members from mandelate racemase (MR) and muconate lactonizing enzymes (MLE) 
were discovered and found to be structurally homologous with enolase. Later, they were classified 
as first enolase superfamily subgroups (12).  
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Figure 1.3 Structure homology between 7 subgroups of enolase superfamily members 
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1.2 Structural and mechanistic features of enolase superfamily 
Members of the enolase superfamily catalyze mechanistically diverse reactions through a 
common initial step: the abstraction of a proton α to a carboxylate group to yield an enolate anion 
intermediate. The abstraction of this proton with pKa ≥ 29 is a thermodynamically hard reaction 
that leads to the formation of an unstable enolate intermediate. For that matter, the resulting enolate 
intermediate needs substantial stabilization that is rendered by coordination to a magnesium ion in 
the active site. This half-reaction is shared among all enolase superfamily members. The 
intermediate can undergo different reactions such as epimerization, cycloisomerization, 
dehydration, deamination, and racemization (13). 
Additionally, all the members of the enolase superfamily have a conserved bi-domain 
structure including a capping domain and a barrel domain (Figure 1.4). The capping domain 
contains an ensemble of α-helices, β-strands and loops from N-terminal and C-terminal of a 
protein. This portion of protein is not forming a motif. The most important portion of the capping 
domain that is conserved among each subgroup is the loops that interact with substrates and 
position the substrate into the active site, sequestering it from the environment.  Each subgroup 
has its particular loop length and residues providing opportunity for enolase superfamily members 
to act on different substrates. The “20s”, “50s”, “40s” and “100s” loops are examples of the loops 
determining substrate specificity in different enolase subgroup. Each loop is named after its residue 
numbers (14, 15). 
The barrel domain contains a (/)7-barrel fold which possess the conserved catalytic 
residues for the reactions to occur (2). The catalytic residues sit at the end of the C-terminus of the 
sixth and seventh -strands. Additionally, this portion of protein resides the required Mg2+ to 
stabilize the enolate anion intermediate. The conserved metal-binding residues can be found at the 
end of the C-terminus of the third, fourth and fifth -strands.  Residues at the end of eighth -
strand have different roles: for example in dipeptide epimerase (MLE subgroup), it forms an ionic 
bridge with the substrate providing substrate specificity (14).   
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Figure 1.4 Panel A, Bi-domain structure of E. coli GlucD (PDB: 1ECQ). The bi-domain structure 
is conserved among all enolase members. Panel B, Top view of E. coli GlucD active site. The 
conserved catalytic residues in green and Mg2+ (magenta) binding residues colored in cyan.    
 
Different reactions occur using different residues as acid/base catalysts. Based on the 
identity of the catalytic residues and Mg2+ binding residues, the enolase superfamily members are 
partitioned into seven subgroups including: 1) mandelate racemase (MR), 2) muconate lactonizing 
enzyme (MLE), 3) enolase, 4) mannonate dehydratase (ManD), 5) methylaspartate ammonia lyase 
(MAL), 6) galactarate dehydratase II (GalrDII), and 7) glucarate dehydratase (GlucD) (Table 1.1) 
(3)  
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Table 1.1 Conserved catalytic and metal binding residues in the subgroups of the enolase 
superfamily.  
 
 
 
  
 
 
 
 
 
The subgroups within enolase superfamily catalyze 20 distinct reactions by different 
mechanisms, although the first step in all is generating the enolate intermediate.  Figure 1.5 
presents the different reactions discovered in enolase superfamily. About 50% of the superfamily 
members have not been characterized yet, thus the identified reactions comprise approximately 
half of the reactions catalyzed by these members. These diverse reactions make the enolase 
superfamily an appropriate model system by identification of substrate specificity and catalyzing 
new reaction based on homology to known members.  
Subgroup β2 β3 β4 β5 β6 β7 β8 
Enolase E D E D K H K 
MAL H D E D K -- -- 
MLE K D E D K -- E/DxD/G 
MR K/R/H/Y/D/x D E E D H E 
GalrDII RxY D E H -- -- -- 
ManD R D E E R H E 
GlucD K D E N D H D 
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 Figure 1.5 Reaction catalyzed by enolase superfamily members 
 
1.3 Subgroups within the enolase superfamily  
The 7 subgroups of the enolase superfamily are briefly introduced in this section. 
 
 The enolase subgroup 
This superfamily is named after enolase, a key enzyme of glycolysis found among all 
organisms in nature. The enolase enzymes catalyze the dehydration of 2-phosphoglycerate (2-
PGA) to phosphoenolpyruvate (PEP) in a rate-limiting and penultimate step of glycolysis. To 
catalyze the abstraction of the α-proton of 2-PGA, two Mg2+ ions are located in the enolase active 
site to interact with the carboxylate group at C-1. The stoichiometric quantity of two metal ion is 
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reported for this subgroup of Enolases, while other subgroups usually require just one Mg2+ (16, 
17). 
The crystal structure of enolase members confirmed that a Lys at the end of the sixth β-
strand serves as the general base to abstract the proton at C-2, and a Glu residue at the end of the 
second β-strand serves as an acid and protonates the C-3 hydroxyl group to form PEP. This 
subgroup is the only subgroup that utilizes this sixth β-strand Lys and second β-strand Glu as 
general base and acid to catalyze the reaction. 
Because of the absolute requirement of this enzyme in glycolysis, there appears to be no 
functional promiscuity within the enolase subgroup. In other words, the only biologically relevant 
enzymatic function that enolase serves is to dehydrate 2-PGA. However, there are some regulatory 
functions that the enolase subgroup members serve. In higher organisms, enolase proteins plays 
some epigenetics roles as well as authentic enolase function.  For example, human have a 35 kDa 
human protein with 95% sequence identity to 48 kDa human enolase. This protein interacts with 
Myc-promoter Binding Protein 1 (MBP-1) (18). As enolase is a 48 kDa polypeptide, it was 
hypothesized that this 35 kDa protein, which is known as MBP-1 interacting protein 2A (MIP-
2A), is a translational variant of enolase. The transcription of enolase is controlled by a myc 
promoter, and it was suggested that the MIP-2A variant would serve as a negative feedback 
repressor (19). Another example of enolase moonlighting as a potential regulator of gene 
transcription was found in Arabidopsis thaliana where the LOS2 locus was shown to encode 
enolase and the removal of this locus resulted in weakened induction of cold-responsive genes 
(20). This suggested that enolase could be involved in modulating the promoter that controls the 
induction of the STZ/ZAT10 transcription factor, which is regulates for cold response. Enolase 
has also been identified in the lenses of reptiles and birds, in the centrosome of HeLa cells and as 
a toxin in Clostridium difficile (21). 
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 The β-methylaspartate ammonia lyase subgroup 
-Methylasparate ammonia lyase (MAL) is a member of the enolase superfamily, which 
catalyzes the deamination of -methylaspartate to mesaconate in the glutamate degradation 
pathway in some organisms. The final products of this pathway are pyruvate and acetate (22). As 
in other enolase superfamily members, MAL abstracts the -proton of -methylaspartate to form 
an enediolate anion intermediate and, upon structural characterization, was confirmed to possess 
the bi-domain architecture of enolase superfamily members. A lysine from sixth -strand serves 
as the general base which abstracts the (3S)-proton of the substrate to generate an enolate anion 
intermediate. The ammonium leaving group is stable enough to leave without the assistant of a 
general acid residue, therefore this subgroup just requires a base to initiate the reaction. MAL can 
bind to substrate with either (R) or (S) stereospecificity (23).  
 
 The muconate lactonizing enzyme subgroup 
The muconate lactonizing enzyme subgroup (MLE) is known to have two lysine catalysts 
at the ends of the second and sixth -strands, on two opposite faces of barrel domain, to abstract 
the proton (24). Within this subgroup varieties of catalytic functions have been identified including 
reversible intramolecular cycloisomerization of cis,cis-muconate (or 3-chloro-cis,cis-muconate) to 
muconolactone (or 3-chloromuconolactone) by MLE I or MLE II, respectively; dehydration of 2-
succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylic acid (SHCHC) to form the aromatic 
compound o-succinylbenzoate (OSB) by o-succinylbenzoate synthase; and epimerization of 
dipeptide substrates by dipeptide epimerases; and racemization of N-succinyl amino acids by N-
succinylamino acid racemase (NSAR) (25).  
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 The mandelate racemase subgroup 
In the mandelate racemase (MR) subgroup a histidine at the end of seventh -strand, 
coordinated to an aspartate at the end of sixth -strand to form a DxH motif, abstracts the proton 
from a substrate and yielding an enolate intermediate. Within MR subgroup, varieties of functions 
have evolved through different catalytic strategies. Mandelate racemase and acid sugar 
dehydratase and lactone cycloisomerase are three categories of functions in this subgroup (8, 26, 
27). The acid sugar dehydratase activities identified so far includes: D-galactonate dehydratase, 
D-gluconate dehydratase, L-talarate dehydratase, m-galactarate dehydratase, D-arabinonate 
dehydratase, L-rhamnonate dehydratase, D-xylonate dehydratase, L-fuconate dehydratase, etc (8). 
In this study, we characterized a new acid sugar dehydratase to this subgroup which act on L-
lyxonate.  
 
 The D-glucarate dehydratase subgroup 
D-Glucarate dehydratases catalyze the dehydration of D-glucarate to 5-keto-4-deoxy-D-
glucarate (KDG). There are two discrete pathways developed in different organisms for the 
metabolism of KDG:  one will break down the KDG to pyruvate and 2-phosphoglycerate, and in 
the second pathway KDG is dehydrated/decarboxylated to α-keto glutarate semialdehyade (28).  
D-Glucarate dehydratase is a member of enolase superfamily that was previously classified 
as a MR subgroup member. However, upon characterization of some structural elements, it was 
re-defined as a distinct subgroup in this superfamily. Key structural features segregate the GlucD 
from MR subgroup. The GlucD subgroup possesses a particular Mg2+-binding ligand that is not 
reported in the MR subgroup. The metal-binding residue at the end of fifth -strand is an 
asparagine while in others it is a glutamate residue. Also interestingly, from crystal structure it was 
reported that GlucD members interact with Mg2+ in a bidentate fashion as opposed to the one 
carboxylate oxygen and one O-2 bind to the metal ion (29).  
 
 The D-mannonate dehydratase subgroup 
The D-mannonate dehydratase (ManD) subgroup contains orthologous proteins that 
catalyze the dehydration of D-mannonate to yield 2-keto-3-deoxy-D-gluconate. The barrel domain 
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of the crystal structure of ManD from Novosphingobium aromaticivorans contains the ligands for 
the essential Mg2+, Asp210, Glu 236 and Glu 262, at the end of third, fourth and fifth β-strands, as 
expected for other enolase subgroups. However, the barrel domain lacks the His/Asp dyad at the 
end of seventh and sixth -strands and also the Lys acid/base catalyst at the end of second -strand 
as found in the MR subgroup. Instead, it contains a hydrogen-bonded dyad of Tyr and Arg at the 
second end of -strand that initiate the reaction by abstraction of the α-proton. There are both Tyr  
and His at the end of the third -strand facilitate the dehydration and formation of the product(30). 
 
 Galactarate dehydratase-II subgroup  
The galactarate dehydratase-II subgroup members (GalrD-II) catalyze the dehydration of 
m-galactarate. It is distinct from m-galactarate dehydratase activity identified within MR subgroup 
in that the products of these reactions are enantiomers. An Arg-X-Tyr dyad at the end of the second 
β-strand is the base that initiates the reaction. A Tyr in the capping domain is the acid facilitates 
dehydration. These active site residues identity and different product specify this group as a 
seventh subgroup of Enolases (31). The active site contains two Mg2+ ions, each one coordinates 
to one carboxylate of the galactarate. Therefore, one Mg2+ is important for catalysis and one 
positions the substrate in the active site.  
 
1.4 Assigning function to unknown enolase superfamily members 
Many more functions within enolase superfamily are yet to be discovered. Our final goal 
is to be able to reliably predict unknown functions by robust computational tools. Meanwhile, we 
take advantage of the fact that many enolase superfamily members exist in microbes.  
In microbes, in many cases the co-transcribed genes are co-localized on the chromosome, 
forming operons. Thus, investigating the genome context occasionally provides sufficient 
information about the genes encoding the pathway enzymes. These operons can provide clues 
about the physiological function of an unknown enolase subgroup member. For example, a 
previously unknown function enzyme in E. coli (ycjG) clustered with genes involved in murein 
peptide hydrolysis and a periplasmic binding for L-Ala-D-Glu-meso-diaminopimelic acid, a 
constituent of murein peptide. Since it could probably catalyze a 1,1-proton transfer reaction on a 
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substrate derived from a murein peptide, YcjG gene was characterized as a AEE enzyme (8, 32, 
33) .  
Additionally, many microbes are genetically tractable. This is an immense opportunity to 
genetically manipulate the organism and construct gene deletions to show that the proposed 
function for a given enolase is in fact a physiologically-relevant function. These experiments are 
strong evidences confirming in vitro functional assignments. 
In vitro functional assignment is traditionally performed through physical sugar library 
screening. This library is comprised of all mono- and diacid sugars of hexoses, pentoses and 
tetroses. This approach has been successful in determining functions of varieties of Enolases. 
However, this screening is just a starting point and in vitro enzymatic activity requires in vivo 
verification to be a physiologic functional assignment.  
Physical library screening in many cases has been ineffective. Since the library is 
incomplete and does not contain all the possible conformations and derivatives of sugars. 
Therefore, this approach is not a general solution for functional assignment of Enolases. 
Another strategy to tackle this problem is through screening an in silico ligand library and 
docking. Undoubtedly, an in silico library could be comprised of not only all conformations of the 
sugars, but also all potential metabolites. The computational ligand docking method can be used 
to infer the substrate specificity from the structure binding sites. Obviously availability of a closed 
and liganded structure would provide an appropriate template to generate more reliable docking 
results.  
Unlike before, recently we are more interested in investigating the solute binding proteins 
in the context of enolase members. There are a diverse superfamily of protein complexes in the 
membrane of bacteria necessary for uptake of solutes. They are usually comprised of: membrane 
permease, peripheral ATPase and extra-cytoplasmic solute-binding proteins (SBP). SBP has a 
conserved structure, holding a ligand binding site. Most of SBPs are annotated as Proteins of 
unknown function or generally as extracellular transport proteins. Characterization of ligand 
specificity for SBPs is an essential step in determination of the metabolic capabilities of an 
organism.   
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1.5 Conclusion 
The remarkable breakthroughs in sequencing technology yield an increasingly number of 
deposited sequences. In order to benefit from this information, the identification of the function of 
each gene/protein in an organism’s genome is required. Experimentally characterizing every 
sequence in the database is impractical. Therefore, some computational approaches have been 
developed to annotate the genes based on their characterized homologs. This massive auto-
annotation results in propagated errors across public databases that makes the annotations 
misleading for the community.  
One approach to this problem is investigating enzyme superfamilies, a group of proteins 
with functional homology not just sequence identity. To this end, our group is interested in 
characterizing functions of enolase superfamily members while our collaborators are developing 
computational approaches to predict the functions based on experimentally characterized 
members. One such group of enzymes is the enolase superfamily, a mechanistically diverse 
superfamily. However they share two characteristics: first, a shared first step in mechanism of the 
reaction; and second, a shared bi-domain structure of capping and barrel domains. Upon binding 
of the substrate to the capping domain the substrate is pushed to the active site. All reactions are 
initiated by an abstraction of α-proton to carboxylate to form an enolate intermediate. Then the 
intermediate is stabilized by coordination to a conserved Mg2+. Catalytic residues, which reside on 
the end of β strands in barrel domain, facilitate the chemistry to occur. 
In this thesis, we will discuss our efforts on characterizing two enolase superfamily 
members: D-glucarate dehydrates related protein (GlucDRP) and L-lyxonate dehydratase protein. 
In chapter 2, we will show that E. coli authentic GlucD and GlucDRP form heterospecies.   In 
chapter 3, three clusters of GlucDRP will be introduced and the formation of GlucD/DRP 
heterospecies in different GlucDRP clusters will be discussed. In chapter 4, the physiological 
function of GlucDRP using different knockout strains will be investigated, and in chapter 5 a novel 
function of L-lyxonate dehydrate among enolase superfamily members will be presented and the 
novel L-lyxonate degradation pathway will be explained. 
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2 CHAPTER 2. INVESTIGATION OF E. COLI GLUCARATE 
DEHYDRATASE RELATED PROTEINS (GLUCDRP)  
2.1 Introduction 
In D-glucarate catabolism, an enolase superfamily member catalyzes the dehydration of D-
glucarate to produce 5-keto-4-deoxy-D-glucarate (KDG). In this chapter I discuss structures and 
functions of the authentic GlucD protein and its homolog GlucDRP, which are in the same 
subgroup in the enolase superfamily. 
 
 D-Glucarate operons and glucarate degradation in E. coli  
D-Glucarate is a naturally occurring di-carboxylic acid analogue of glucose which is found 
in many important components of the human diet, including fruits and vegetables such as oranges, 
apples, brussel sprouts, broccoli, and cabbage (1). Several species of bacteria including E. coli can 
use D-glucarate as the source of carbon for growth. The first step in D-glucarate catabolism is 
dehydration of D-glucarate by D-glucarate dehydratase (GlucD), which yields 5-keto-4-deoxy-D-
glucarate (KDG). KDG is then metabolized to pyruvate and 2-phosphoglycerate via consecutive 
reactions of an aldolase, a dehydrogenase and a kinase (Figure 2.1) (1, 2). 
The D-glucarate operon in E. coli contains three divergently transcribed operons that are 
involved in D-glucarate and m-galactarate metabolism (Figure 2.1). One unit is comprised of genes 
encoding D-glucarate permease (GlucP or GudP), GlucD related protein (GlucDRP) and GlucD 
(GudD or ygcX); the second unit contains a gene for m-galactarate dehydratase (yhaG or GarD); 
the final unit contains the genes encoding D-galactarate permease (yhaU or GarP), 5-keto-4-
deoxy-D-glucarate aldolases (yhaF or GarL), tartronate semialdehyde reductase (yhaE or GarR) 
and glycerate kinase (yhaD or GarK) (2). 
Previously it was reported that there is coordinated regulation of these three transcriptional 
units upon growth on m-galactarate, D-glucarate or D-glycerate in E. coli (3). These transcrpts 
were not induced by the related sugars D-glucuronic acid or D-galacturonic acid (3). The common 
regulator for these transcriptional units is SdaR or CdaR (Carbohydrate/sugar di-acid regulator), 
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which is activated by D-glycerate, m-galactarate or D-glucarate (2, 3). 
  
 
Figure 2.1  D-Glucarate operons and catabolic pathway in E. coli 
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 Alternative D-glucarate degradation pathway 
 
Organisms like Pseudomonads and Bacillus subtilis use an alternative pathway for 
metabolism of D-glucarate and m-galactarate. This pathway was identified using a complete 
knockout collection in Acinetobacter baylyi ADP1. The candidate D-glucarate metabolism genes 
were cloned, purified and kinetically characterized in vitro (4). As shown in Figure 2.2 Organisms 
like Pseudomonads and Bacillus subtilis use an alternative pathway for metabolism of D-glucarate 
and m-galactarate. This pathway was identified using a complete knockout collection in 
Acinetobacter baylyi ADP1. The candidate D-glucarate metabolism genes were cloned, purified 
and kinetically characterized in vitro (4). As shown in Figure 2.2, glucarate is initially dehydrated 
by GlucD to form KDG as in the E. coli pathway; however, KDG is subsequently converted to α- 
 
Figure 2.2 Alternative D-glucarate catabolic pathway 
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ketoglutarate through action of KDG dehydratase/decarboxylase and α-ketoglutarate 
semialdehyde dehydrogenase (4, 5).  
 E. coli D-glucarate dehydratase structure and mechanism of the reaction 
Despite participating in different metabolic pathways, GlucDs from different organisms 
share common structural features (5, 6). As expected for an enolase superfamily member, the 
active site resides at the interface of the capping domain and barrel domain. According to the 
structures, both oxygens of the D-glucarate carboxylate are coordinated to the Mg2+ ion. This is in 
contrast to MR members in which a single oxygen of the carboxylate serves a mono-dentate ligand 
for the Mg2+. Furthermore, the required Mg2+ in the E. coli GlucD crystal structure (PDB-1ECQ) 
is coordinated by Asp 235, Glu 266 and Asn 289 rather than a Glu residue as observed in MR 
subgroup members. For these reasons, GlucD exists in its own subgroup in the enolase 
superfamily. 
The GlucD catalytic mechanism for dehydration of D-glucarate and L-idarate to KDG is 
in agreement with the structural features of the enzyme: there is a conserved general basic Lys-X-
Lys motif and His-Asp dyad on opposite sides of the barrel, as was previously reported in MR 
family members for catalysis of the racemization reaction (5, 6). The GlucD-catalyzed reaction 
involves three steps (Figure 2.3): 1) general base-catalyzed abstraction of the C5 α-proton to 
generate the enolate intermediate, 2) general acid-catalyzed vinylogous elimination of 4-OH, and 
3) general acid-catalyzed tautomerization and formation of KDG. His 339 of the His-Asp dyad is 
located at the end of the 7th β-strand and acts as acid-base catalyst in the first two steps of the 
dehydration reaction (Figure 2.4). GlucD also can dehydrate L-idarate through abstraction of a 
proton by the general acid catalyst Lys 207 at the end of the 2nd β-strand. D-Glucarate and L-
idarate are epimers at C5, meaning the proton for abstraction will face opposite sides of the active 
site, so this enzyme uses residues on opposite sides of the active site to catalyze the dehydration. 
Not surprisingly, GlucD can also catalyze the epimerization of D-glucarate and L-idarate 
(analogous to a 1,1-proton-transfer reaction of MR) in competition with the dehydration reaction 
with the rate of about 1 to 4 (5, 7). Interestingly, mutation of either His 339 or Lys 207 impaired 
dehydration of both substrates, showing the importance of these two acid-base catalysts in enolate 
anion stabilization (7). Furthermore, it was shown that solvent deuterium is incorporated 
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stereospecifically at the 4-proS position of KDG, indicating that the displacement of 4-OH group 
occurs with retention of configuration (8).  
The active site is sequestered from the environment by the loop and two short antiparallel 
strands connecting Leu 25 and His 32 and three loops between Ala 96-Arg 107, His 417-Asp424 
and Leu431-Arg446.  Access to the active site is provided by movement of the 100s loop (Ala 96-
Arg 107), which was determined because this loop is not ordered in un-liganded structures.  
  
 
Figure 2.3 Mechanism of the GlucD reaction and its catalytic residues. 
 
Residues located on mobile loops interact with the substrate, positioning the substrate in 
the active site and sequestering it from the environment. These specificity-determining residues in 
GlucDs are located on either the “20s loop” or “100s loop”. The 100s loop, which is ordered in 
PBD-1ECQ, includes the N-terminal domain from Ala 96 to Arg 107. This loop interacts with 3-
OH of the product through Thr103. Additionally, the side chain of Phe 104 shows a hydrophobic 
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stacking interaction with the methylene groups of Arg 422, which is extended from the C-terminal 
loop. Additionally, the side chain of Arg 422 from the N-terminus interacts with the 3-OH and C1 
carboxylate of the substrate (Figure 2.4). From a structure with KDG bound, it is observed that the 
C5 carbonyl interacts with Ser 340 carbonyl oxygen (5). 
 
 Comparison between GlucD and GlucDRP 
GlucDRP holds all the catalytic and most substrate specificity-determining residues found 
in GlucD. E. coli GlucDRP shares 63% amino acid sequence identity with the authentic GlucD 
(Figure 2.5). In spite of the high sequence similarity between E. coli GlucD and GlucDRP, which 
exhibits even higher sequence identity in the barrel domain and catalytic residues (Figure 2.5), E. 
coli GlucDRP shows only mediocre activity on the two substrates of GlucD: D-glucarate and L-
 
Figure 2.4  interaction of GlucD active site residues with KDG.   
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idarate. The difference in activity can be attributed to differences in the loops, which are used to 
determine substrate specificity (Figure 2.5). 
 
Figure 2.5 Sequence alignment of E. coli GlucD and GlucDRP 
 
The GlucD and GlucDRP’s 100s and 20s loops, which are used to determine substrate 
specificity, are significantly different. The presence of these highly similar genes raises a question: 
why does E. coli encode the GlucDRP gene with low activity in addition to an active GlucD. 
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2.2 Materials and methods  
GlucD and GlucDRP were investigated using the following materials and methods. 
 
 Kinetic Assays of D-glucarate dehydratase coupled assay  
GlucD activity was quantified using a continuous enzyme-coupled spectroscopic assay. 
The 200 µL mixture reaction contained 50 mM HEPES buffer at pH 8, 10 mM MgCl2, 0.16 mM 
NADH, 0.01 mM to 2.5 mM D-glucarate, 25 µM 5-keto-4-deoxy-D-glucarate aldolase (KDG 
aldolase) and 10 U lactate dehydrogenase (LDH). The reduction of NAD+ was monitored by the 
increase in absorbance at 340 nm ( = 6220 M-1 cm-1) with a Perkin-Elmer Lambda-14 UV-Vis 
spectrophotometer.  
E. coli 5KDG aldolase was purified with a 5 mL HisTrap FF Crude column (GE 
Healthcare) according to manufacturer’s instructions. LDH was purchased from Sigma-Aldrich. 
 
 Quickchange site-directed mutagenesis method 
Two complimentary oligonucleotide primers containing the desired mutation and flanked 
by unchanged nucleotide sequence were synthesized. Next, a reaction was set up according to the 
following protocol: 5 µl of 10× reaction buffer, 5-50 ng of dsDNA template in pET15-b vector, 
150 ng of oligonucleotide forward primer [34-mer], 150 ng of oligonucleotide reverse 
complementary primer [34-mer], 1 µl of dNTP mix (Promega), 2.5 U PfuTurbo DNA polymerase 
and ddH2O to a final volume of 50 µl.  
A negative control was performed by combining all reagents listed above except for 
primers. The PCR cycle was as follows: 95 °C for 4 min followed by 26 cycles of 95 °C for 45 s, 
55 °C for 45 s, and 72 °C for 2 min and followed by 7 min at 72 °C. Next, the PCR reactions were 
digested with 10 U DpnI and incubated at 37 °C for overnight. Then, 2 µl of desalted-digested 
PCR reactions were transformed directly into electro-competent cells (9).  
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 Purification and expression of site directed mutant proteins 
The resulting GlucD and GlucDRP mutant genes on pET15b plasmids were electroporated 
into the GlucDRP knockout strain from the Keio collection, in which a kanamycin cassette was 
inserted within the GlucDRP gene. In these cells, both GlucDRP and the downstream GlucD were 
knocked out because these ORFs were disturbed: this is useful because no background GlucD 
activity was detected. In contrast, wild-type E. coli BL21 (DE3) electrocompetent cells yields a 
background GlucD activity which interferes with the mutant activity assays. Thus they were not 
utilized in these experiments.  
The transformed cells with mutant either mutant GlucD  gene or mutant GlucDRP gene 
were grown on  Luria Bertani broth (LB) at 37 °C in the presence of 100 µg/mL ampicillin until 
OD600 = 0.5, at which point the cells were induced with 1 mM IPTG; growth was continued 
overnight. The cells were harvested by centrifugation (15 min at 4500 x g), resuspended in binding 
buffer (5 mM imidazole, 0.5 M NaCl, 5 mM MgCl2, 20 mM Tris-HCl, pH 7.9), lysed by sonication, 
and clarified by centrifugation. The lysate containing the His-tagged protein was loaded on a 5 mL 
HisTrap FF Crude column (GE Healthcare) equilibrated with binding Buffer and eluted with a 
linear 80 mL gradient from 0% to 100% of elution buffer (1 M imidazole, 0.5 M NaCl, 20 mM 
Tris-HCl, pH 7.9).  
 
 Reconstituting GlucD/DRP heterospecies in vitro 
A stock of 4 M potassium thiocyanate was added drop by drop over a period of 10 min to 
a solution containing 1.5 mg of each GlucD and GlucDRP proteins to a final concentration of 2 
M. Then the solution was stirred for an additional 45 min. Finally, the protein solutions were 
dialyzed with 20 mM Tris pH 7.9 and 5 mM MgCl2.  
Mixture of GlucD and GlucDRP were incubated in a solution of 2 M Urea and 1 M KSCN 
for 4 hours. Both samples were dialyzed into 20 mM Tris pH 7.9 and 5 mM MgCl2. The resulting 
dialyzed solutions were analyzed by HIC-PS column to examine the formation of the 
heterospecies. 
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 Determination of GlucD activity in eluted fractions 
Different columns were utilized for protein purifications (e.g Ni2+ column) and protein 
analysis (HIC-PS column). GlucD in the eluted factions from these columns were tracked by 
GlucD activity assay as follows. One µL of the eluted fraction was mixed with 199 µl of the activity 
assay mixture (10 mM D-glucarate, 10 mM MgCl2 and 50 mM Tris-HCl, and pH 7.5) and after 15 
min, 200 µl of semicarbazide solution (1% semicarbazide-HCl in 1% sodium acetate) was added. 
After a 1 hour incubation, the absorbance was recorded at 250 nm with (ε =10,200 cm-1 M-1). The 
negative control was made when 1 µl of water instead of eluted fraction was mixed with 199 µl of 
the activity assay mixture. Using the same protocol, the specific activity of the cleared lysate, flow 
through and wash samples were measured. 
 
 Determination of protein content by Bradford assay 
The Bradford reagent was made according to the following protocol: 100 mg Coomassie 
Brilliant Blue G250 was dissolved in 50 mL of 95% ethanol, followed by addition of 100 mL of 
85% phosphoric acid. Water was added to a final volume of 1 liter. If solution was light blue, an 
additional 1 mL of 85% phosphoric acid was added. The solution was filtered using a fluted filter 
into a dark bottle and stored at 4 °C.  
A solution of BSA (New England BioLabs) was used to generate a standard curve. A 100 
µL of calibration solution were prepared using 0.1 mg/mL BSA stock solution and water according 
to Table 2.1. The working protein concentration ranged from 2 to 8 µg protein per 100 µl. From 
lysate sample, dilutions were prepared at 1:100- 1:1,000 to be in the working range of protein 
concentration. Each sample was performed in duplicate. After preparing the samples as well as 
calibration solutions, 900 µL Bradford reagent was added to each sample and incubated for ~ 30 
min at room temperature. The absorbance of the solutions was quantitated by measuring the 
absorbance at 595 nm. The protein concentration was determined from the BSA standard curve. 
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                                     Table 2.1 Calibration mixtures for a Bradford assay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           
BSA Stock     
(µl) 
Water 
(µl) 
BSA      
(µg) 
[BSA] 
(mg/ml) 
0 100 0 0 
20 80 2 0.02 
40 60 4 0.04 
60 40 6 0.06 
80 20 8 0.08 
100 0 10 0.1 
 
 Purifying native E. coli GlucD/DRP heterospecies 
The salting-out method consisting of 30% (NH4)2SO4 saturation followed by 60% 
saturation was used prior to DEAE column to remove additional protein contaminants. At this 
point the specific activity detected in the supernatant was about 3 times more than what detected 
in pellet. 
The supernatant was then dialyzed in 20 mM Tris-HCl buffer, pH 7.9 and loaded on a 
DEAE column. In order for the GlucD to bind the resin of the DEAE column, the pH of the buffer 
used for cell lysate preparation was adjusted to pH 7.9. The protein was eluted with 20 mM Tris-
HCl buffer, pH 7.9, 1 M NaCl and 5 mM MgCl2. Next, the eluant containing the GlucD activity 
was loaded on a phenyl sepharose column (HIC-PS) equilibrated with 0.6 M (NH4)2SO4. The 
proteins was eluted with a linear gradient of 0.6 M to 0 M (NH4)2SO4. The HIC-PS column 
separated the GlucD and GlucD/DRP proteins, as detected by SDS-PAGE. The GlucD/DRP 
proteins were further purified on a Ni2+ column, followed by a gel filtration column, and finally 
Resource Q column. 
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 Growth curve for E. coli and complementation experiments 
Luria Bertani broth (LB) cultures (4 mL) of single colonies were grown overnight. Then 
the cultures were washed three times with 0.5 mL of M9-minimal medium (6.78 g/L Na2HPO4 
7H2O, 3 g/L KH2PO4, 1 g/L NH4Cl and 0.5 g/L NaCl), resuspended in M9 minimal medium, and 
then used to inoculate fresh 4 mL glucose M9-minimal media cultures (0.4% w/w) to a starting 
OD600 of 0.05. The cultures were grown to an OD600 of 0.4.  Then the cells were washed three 
times in M9-minimal medium. The washed cells were used to inoculate 300 μL of the M9- minimal 
medium containing 0.4% (w/w) D-glucarate in a Honeycomb 2 plate. The experiments were 
performed at 37 °C using Bioscreen-C automated growth curve analysis system measuring 
absorbance at 600 nm every 20 minutes. 
 
 Construction of the chromosomal His-tagged GlucDRP in E. coli 
The chromosomal His-tagged GlucDRP was constructed by following steps.  
 
 PCR Amplification of Kan cassette and recombination 
Two primers were designed as follows: 1) sense primer with 68 bp: 5' TAC CTG GTG CTG 
GTG GGC GAT AT AAG CGT ATC GAG TTG AAA CCT GTGAA GTTC CTA TTC TCT 
AGA AAG 3' 2) anti-sense primer with 140 bp: 5' GCC ACC GGA ATG ACT TTC ATA TCA 
GTA ATA ACA GGA CTG GAT TGT GTC GCG CTG CCG CGC GGC ACC AGG CCG TGG 
TGG TGA TGA TGA TGA TGA TGG TGG TGG CCC ATC TTA TTG CCC CGC GAA GTT 
CCT ATA CTT TCT AG 3' 
The underlined bases are complemented to kanamycin cassette in pKD13 plasmid. Next, a 
PCR reaction was set up as follows: 5 µl of 10× reaction buffer, 25 ng of pKD13 plasmid, 1.5 µl 
(150 ng) of each primers, 1 µl of dNTP mix and ddH2O to a final volume of 50 µl. Then 1 µl of 
NEB Phusion High-Fidelity DNA polymerase (2.5 U/µl) was added.  
The cycling program involves two separate steps. The first step starts with annealing 
temperature of Tm + 10 °C
 and then decreases the annealing temperature by 1 °C per cycle for a 
total of 10-15 cycles until the Tm of the primers is reached. The second step is a generic PCR 
amplification of 25 cycles using the Tm reached at the end of the first step. The PCR product was 
 32 
 
DpnI digested and purified by 1% agarose gel electrophoresis followed by gel extraction using 
QIAquick gel extraction kit (Qiagen). 
We received the BW25113 strain from Dr. John Cronan lab (University of Illinois at 
Urbana-Champaign). BW25113 electrocompetent cells were prepared as described elsewhere 
(10). The pKD46 plasmids carrying λ-Red system were electroporated into BW25113.  AmpR 
transformants were selected on ampicillin containing LB plates. Then, colonies were grown in 5 
ml LB (or SOB) culture with 100 µg/mL ampicillin and 0.4% L-arabinose at 30 °C to an OD600 of 
0.5.  
The gel-purified PCR product was electroporated into the BW25113 electrocompetent cells 
carrying a pKD46 plasmid according to the manufacturer’s instruction. Then the cells were 
recovered by addition of SOC and incubated 1h at 37 °C. Then transformants were selected for 
kanamycin resistance (Figure 2.6). 
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Figure 2.6 His-tagging the chromosomal GlucDRP in E. coli K12 MG1655. 
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 P1-phage transformation 
For preparation of wild-type P1 phage, first the E. coli MG1655 strain was grown in 5 mL 
of LB overnight at 30 °C. Then 100 μl of the growth was sub-cultured into a 10 mL LB containing 
10mM MgCl2 and 10 mM CaCl2 at 37 °C and grown to an OD of 0.6. Then 50 μl of the wild-type 
P1 phage was added to the culture and incubated at 37 °C for 2-3 hours. Then the cells were 
centrifuged to remove the cell debris. The supernatant was transferred to a new tube. Next, 2 ml 
of chloroform was added to kill the remaining cells and the solution was centrifuged; the 
supernatant was saved in a new tube and this process of chloroform addition was repeated 6 times. 
Then the final supernatant tube containing 2 mL chloroform was mixed and stored at 4 °C 
overnight. Next, the P1-phage was used to infect the recombinant E. coli K12 MG1655.This 
method was repeated with BW25113 cells. 
After preparation of the P1 phage, the recombinant P1 phage lysate was used to transfer 
the genetic construct to the MG1655 chromosome as follows: MG1655 cells were grown in 5 ml 
of LB overnight a 30 °C. From this culture, a 100 μl was subcultured to a 10 ml of LB with 10 mM 
MgCl2 and 10 mM CaCl2 at 37 °C to an OD600 of 0.6. Then 1 ml of the cell culture was transferred 
to a 1.5 ml tube. From this culture, two tubes were prepared: one for transduction (tube A) and the 
second one for negative control (tube B). Ten μl of recombinant P1 phage lysate was added to tube 
A and mixed by inversion. Tube B was left intact. After 20-25 min incubation at room temperature, 
both tube A and tube B were centrifuged to collect the cells. The cells were washed with 1 mL of 
LB containing 10 mM sodium citrate. The cells then were resuspended in the 1 ml of LB and 10 
mM sodium citrate and incubated at 37 °C for 40 min to 1 hour. Then the cells were collected by 
centrifugation and washed three to four times with 1 ml of LB containing 10 mM sodium citrate. 
Finally the cells were resuspended in 300 μl LB containing 10 mM sodium citrate. Next, 50 μl, 
100 μl and 150 μl of the cell suspension from tube A and B separately were spread on LB plates 
containing 10 mM sodium citrate and kanamycin; these plates were incubated at 37 °C overnight. 
For negative control, 50 μl of the recombinant P1 phage lysate was plated to ensure that there is 
no live KanR cell in the phage lysate (Figure 2.6).  
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 Elimination of resistance cassette by pCP20 plasmid 
The pCP20 plasmid was transformed into electrocompetent cells from E. coli strain K12 
MG1655. The cells recovered in SOC at 30 °C for one hour before plating on LBAmp plates and 
incubation at 30 °C overnight. Colonies were selected and streaked on LB plates and incubated at 
43 °C overnight, which eliminates the resistance genes for Amp and Kan. After growth, chosen 
colonies were streaked on each of the following plates: LB only, LB with Amp, LB with Kan, LB 
with Amp and Kan. Plates were incubated at 30 °C overnight. The colonies that grew on LB only 
contain the correct construct (Figure 2.6). 
 
 Purification of His-tagged GlucD and GlucDRP proteins 
The recombinant E. coli strain (section 2.2.9.3) was grown in six liters of 0.04 % w/w D-
glucarate M9-minimal media supplemented with 100 µg/mL ampicillin at 37 °C for 24 hours. The 
cells were harvested by centrifugation, resuspended in binding buffer (5 mM imidazole, 0.5 M 
NaCl, 5 mM MgCl2, 20 mM Tris-HCl, pH 7.9) and eluted with a linear gradient of binding buffer 
and elution buffer (1M imidazole, 0.5 M NaCl, 5 mM MgCl2, 20 mM Tris-HCl, pH 7.9). 
 Crystallization and data collection of GlucD/DRP heterospecies 
The His-tagged protein was crystallized by sitting drop vapor diffusion method at 4 °C, 
using 1L to 1L ratio of protein to mother liquor. The protein solution was at 12.5 mg/mL 
containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM EDTA, and 10 mM -
mercaptoethanol (-ME). Mother liquor contained 170 mM ammonium acetate, 85 mM Na-citrate 
tribasic, dihydrate (pH 5.6), 25.5% PEG 4,000, and 15% v/v glycerol. The crystals appeared in 
two weeks. Prior to data collection the crystals were vitrified in liquid nitrogen. Diffraction images 
for the E. coli GlucD/DRP were recorded at LS-CAT (Sector 21 ID-G, Advanced Photon Source, 
Lemont, IL) using a Rayonix MX-300 detector. The crystals diffracted to 2.1 Å resolution and 
were consistent with the space group C2. Diffraction intensities were integrated and scaled with 
the XDS package (11). Relevant data collection and refinement statistics are in Table 2.2. 
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Table 2.2 Data collection and refinement statistics for GlucD/DRP and GlucDRP tetramers 
 GlucD/DRP 
Escherichia coli K12 
subsp. MG1655 
GlucDRP 
Escherichia coli K12 
subsp. MG1655 
Data collection   
Space group C2 P1 
No. of molecules 4 8 
in asym. Unit   
Cell dimensions   
    a (Å) 155.47 86.09 
    b (Å) 113.02 94.03 
    c (Å) 128.59 155.2 
β, gº  90.0, 105.89, 90.0 101.47, 96.74, 79.86 
   
Resolution (Å) 30 – 2.1 (2.15 – 2.1) 30 – 2.8 (2.87 – 2.8) 
No. of unique                   244679 112207 
Reflections   
Rmerge 0.148 (0.609) 0.143 (0.565) 
I/I 9.24 (2.44) 9.47 (2.33) 
Completeness (%) 99.5 (99.8) 97.3 (97.8) 
   
   
Refinement   
Resolution (Å) 29.96 – 2.1 19.86 – 2.8 
Rcryst 0.150 0.176 
Rfree 0.186 0.231 
No. atoms   
    Protein 13622 26575 
    Waters 1450 481 
Bound ligands   CITRATE, MG, SO4 CITRATE 
Ligand atoms 38 104 
R.m.s deviations   
    Bond lengths (Å) 0.008 0.009 
    Bond angles ()                                                     1.029 1.253 
B-factors   
    Wilson plot 23.7 36.8 
    Protein 15.3 27.8 
    Ligands 21.2 32.4 
    Solvent 24.6 19.2 
PDB entry                                                                  4GYP 4IL0 
 
 
 Crystallization and data collection of E. coli GlucDRP.  
Protein crystals were grown via hanging drop vapor diffusion method at 4 °C, using 1L 
to 1L ratio of protein to mother liquor. The protein solution was at 20 mg/mL containing 50 mM 
Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM EDTA, and 10 mM -ME. Mother liquor consisted of 
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200 mM Na-citrate (pH 4.6), and 20% PEG 3,350. The crystals appeared after one to two weeks. 
Prior to data collection, crystals were dipped in cryoprotectant solution containing 20% glycerol 
and vitrified in liquid nitrogen immediately thereafter. Diffraction images for the E. coli GlucDRP 
were collected at LS-CAT (Sector 21 ID-D, Advanced Photon Source, Lemont, IL) using a 
Rayonix MX-300 detector. The crystals diffracted to 2.8 Å resolution and were consistent with the 
space group P1. Diffraction intensities were integrated and scaled with the XDS package. Relevant 
data collection and refinement statistics are in Table 2.2. 
 
 Structure determination and refinement of E. coli GlucDRP and GlucD/DRP hetero 
species 
X-ray crystal structures for both enzymes were determined via molecular replacement with 
PHASER (12), using the molecular coordinates of E. coli GlucD (PDB 1EC7) as the search model. 
Partial model from PHASER was extended with automated model building with BUCCANEER 
(13), followed by multiple iterative cycles of manual model building in COOT (14), combined 
with refinement with REFMAC (15). Water molecules were automatically placed with PHENIX 
(16), interspersed with manual validation in COOT. Final structure refinement was performed with 
REFINE in PHENIX. Final refinement statistics are provided in Table 2.2. Molecular graphics 
were generated with UCSF Chimera (17) and PyMOL Molecular Graphics System (18). 
Difference Fourier maps were generated with PHENIX (16). 
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2.3 Results and discussion 
 
 Kinetic parameters for E. coli GlucDRP and GlucD  
The only gene in E. coli Glucarate operon whose function is unknown is GlucDRP. 
GlucDRP shares 63% amino acid sequence identity with GlucD and it contains all the crucial 
catalytic and metal binding residues; however, the enzyme is impaired in D-glucarate dehydratase 
activity. To determine catalytic activities, E. coli GlucD (UniProt ID u6nfd8) and GlucDRP 
(UniProt ID n6nc05) were purified using the protocol of Hubbard et al. (2). Kinetic parameters 
were determined by using enzyme-coupled assay. The catalytic efficiency (kcat/Km) of GlucDRP is 
lower than GlucD’s by ~ a 1000-fold (Table 2.3). 
 Table 2.3 Kinetic constants of E. coli GlucD, GlucDRP and GlucD/DRP enzymes.  
Enzyme UniProt  PDB Substrate kcat  (s-1) Km (mM) kcat/Km (s-1M-1) 
GlucD U6NFD8 1ECQ D-glucarate 19 0.02 1 x 106 
   L-idarate 14 0.2 7 x 104 
GlucDRP U6NC05 4IL0 D-glucarate 0.1 0.15 7 x 102 
  
 
L-idarate 0.04 0.1 4 x 102 
GlucD/DRP  4GYP D-glucarate 6 0.1 6 x 104 
   L-idarate 9 0.1 9 x 104 
 
 
 Site-directed mutagenesis 
Pair-wise sequence alignment between GlucD and GlucDRP reveals that the enzymes 
differ mainly in the capping domain loops. The loop residues serve as hydrogen-binding 
interaction partners that mediate loop closure and substrate recognition. To identify residues that 
are important for activity, residues in the GlucDRP capping domain loops were individually 
substituted with the corresponding residues from the GlucD capping domain loop. Reciprocal site-
directed mutations were also generated in GlucD to mimic the GlucDRP active site. The goal of 
this approach was to engineer efficient glucarate dehydratase activity in the E. coli GlucDRP active 
site by mutating the minimal number of residues, and, separately, to abolish the activity of GlucD 
by converting the GlucD active site to that of GlucDRP.  
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 Activating GlucDRP by site-directed mutagenesis using GlucD as pattern.  
At the time of this study, no three-dimensional structures for GlucDRP were available. 
Although the structure of GlucD has been known for 15 years, empirical testing of many conditions 
failed to yield a structure for GlucDRP. Based on the high sequence identity in the active site of 
GlucD and GlucDRP, we hypothesized that the GlucDRP active site is capable of conducting the 
same chemistry. 
Sequence alignments of the 20s and 100s loops from GlucD and GlucDRP are shown in Figure 2.7. 
The highlighted residues in GlucD 20s and 100s loop play important roles in loop closure: 1) Pro 
34 causes a “kink” into the loop; 2) Ser 29 via H-bonding recruits Thr 103 and Gln 102 to close 
the loop; 3) Gln 102 which forms a hydrogen bond to Ser 29. As seen in Figure 2.7, Ala 34, Gly 
29 and Trp 102 are located in the same positions in GlucDRP capping domain, possibly disturbing 
the required interactions. Additionally, GlucD mutants of S29G, P34A and Q102W were 
constructed to examine their effect on the D-glucarate dehydratase activity.  
Catalytic efficiencies of the GlucDRP mutants of G29S, A34P and W102Q were similar to 
wild type catalytic efficiency of 102 M-1 S-1, suggesting these mutations are not enough to activate 
the GlucDRP to efficiently catalyze the dehydration of the D-glucarate (Table 2.4). Thus the 
sequence alignment-guided site directed mutagenesis strategy, when applied to the capping 
domain, failed to enhance GlucDRP activity. 
Substitutions of S29G, P34A and the double mutant S29G/P34A did not inactivate the D-
glucarate dehydratase activity of GlucD, implying that those residues are not crucial for active site 
architecture (Table 2.4). However, the Q102W mutant decreased GlucD activity by four orders of 
magnitude. The 100s loop in GlucD (from Ala 96 to Arg 107) covers the active site and determines 
substrate specificity. The 100s loop in GlucD interacts directly with the 3-OH of the substrate 
through Thr103. Gln 102 interacts with Ser 29, which hydrogen bonds to Thr 103 (Figure 2.7). 
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Table 2.4 Kinetics of GlucD and GlucDRP mutants 
  
kcat 
(s-1) 
Km 
(mM) 
kcat/Km (M
-1 s-1) 
GlucD WT 19.4 0.06 3.4 x 105 
 S29G 5.7 0.21 2.7 x 104 
 P34A 18.3 0.06 3.1 x 105 
 S29G P34A 6.3 0.47 1.3 x 104 
 Q102W 0.04 0.91 4.8 x 10 
GlucDRP WT 0.1 0.15 6.7 x 102 
 G28S 0.05 0.3 1.7 x 102 
 A33P 0.04 0.2 2.0 x 102 
 G28S A33P 0.03 0.9 2.7 
 W103Q 0.02 0.39 4.9 x 10 
 
 
 
Figure 2.7 The 20s loop and 100s loop comparison between GlucD and GlucDRP. The 
GlucDRP sequence of the loop was predicted based on sequence homology to GlucD crystal 
structure: 1ECQ. Highlighted residues in yellow were mutated. Threonine 103 which directly 
interacts with substrate is highlighted in green. 
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At the time of this analysis, no GlucDRP crystal structure was available. Therefore, instead 
of a structural alignment, pairwise sequence alignment was performed. The 100s loop sequence in 
GlucDRP was predicted based on its counterpart in the GlucD crystal structure of PDB-1ECQ 
from Ala 96 to Arg 107. However, these predictions did not agree with the 100s loop observed in 
the GlucDRP structures.  Therefore, identifying the 100s loop in GlucDRP, which is important in 
determining substrate specificity, is not predictable based on sequence identity to the GlucD 100s 
loop.  The structural comparisons between GlucD and GlucDRP are discussed in details in Chapter 
3.    
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 Heterospecies: Detection of heterospecies using Chromatography-Phenyl Sepharose 
(HIC-PS) column 
We hypothesized that GlucD and GlucDRP might form a heterospecies. To test this 
hypothesis, we made efforts to develop a method to detect the heterospecies. 
GlucD and GlucDRP are close homologs; therefore separation of these two proteins from 
a heterospecies moiety posed unique. The pI values of GlucD and GlucDRP are nearly identical, 
which make their separation via anion exchange chromatography impractical. Moreover, the 
molecular weights of GlucD and GlucDRP are very close (they differ by only 292 Da) making it 
impossible to separate them by gel filtration chromatography.   
To separate the GlucD-GlucDRP protein mixture from GlucD/DRP heterospecies solution, 
we utilized a Hydrophobic Interaction Chromatography-Phenyl Sepharose column (HIC-PS). HIC 
column separates very similar biomolecules in a decreasing salt gradient based on differences in 
surface hydrophobicity. Because the surface of GlucDRP is more hydrophobic than GlucD, the 
interactions of the column resin with either the GlucD homotetramer, GlucDRP homotetramer or 
GlucD/DRP moiety will be different; therefore, these proteins have different elution times from 
the HIC-PS column.  
GlucD and GlucDRP proteins ran as slightly different bands on an SDS-PAGE gel, with 
GlucD running at about 48 kD (MW 48849.5) and GlucDRP running at about 50 kD (MW 
49141.0) (Figure 2.8). However, a standard mixture of GlucD and GlucDRP with ratio of 1:1 on 
an SDS-PAGE gel is essentially identical to a sample containing heterospecies moiety. Moreover, 
both the mixture and heterospecies samples yield indistinct mass-spectroscopy results.  
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Figure 2.8 SDS gel of GlucD, GlucDRP and GlucD/GlucDRP heterospecies.  
 
In order to use the HIC-PS column as an analytical tool, we needed to calibrate it by 
determining the fractions in which each protein elutes. GlucDRP (with and without hexahistidine 
tag) were separately loaded onto an HIC-PS column and eluted with a decreasing gradient of 
(NH4)2SO4 buffer (0.6 M to 0 M) to determine their respective elution profiles (Figure 2.9- 
Green line). GlucDRP with and without the 6xHis-tag eluted from the HIC-PS column in the 
same fraction #66-74 (Figure 2.9-Red line). GlucD elutes from the HIC-PS column in the 
fraction #55-60 (Figure 2.9-Red line).  The GlucD/DRP heterospecies elutes in fraction #60-65 
(Figure 2.9-Red line). This result established this method as a definite and unambiguous 
approach for identifying/separating the heterospecies moiety from its components. Due to the 
low catalytic activity of GlucDRP, the glucarate dehydrates activity was only detected in the 
fractions containing either GlucD or GlucD/DRP moieties (Figure 2.9-Blue line). 
GlucDRP 
GlucD 
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 Purification of GlucD and GlucDRP heterospecies from wild-type E. coli 
To examine whether GlucD and GlucDRP interact and form a heterospecies, we attempted 
purification of possible heterospecies (GlucD/DRP) from D-glucarate-grown E.coli. Cell cleared 
lysate was loaded on a DEAE anion exchange column, and GlucD activity was detected in eluted 
fractions using the semicarbazide assay. To distinguish GlucD and GlucDRP homospecies from a 
possible GlucD/DRP heterospecies, we utilized the HIC-PS column. We detected GlucD activity 
Figure 2.9 HIC-PS calibration curve for GlucD, GlucDRP and GlucD/DRP mixture. Blue curve 
shows the GlucD activity detected in fractions containing GlucD and GlucD/DRP. Low GlucDRP 
activity was not dateable in this experiment. Red curve indicates the protein absorbance at 280 
nm. Green line demonstrates the ammonium sulfate gradient of 0.6 M to 0 M. 
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in two sets of fractions: fraction #54-59 and fraction #60-65. These peaks are in good agreement 
with the elution profile expected for GlucD and GlucD/DRP moieties. Fractions containing 
GlucD/DRP were further purified by Ni2+, gel filtration and Res-Q columns. Finally, the 
heterospecies was analyzed by ESI-MS and it was shown that the two protein masses detected are 
likely GlucD (observed mass: 49007 Da, expected mass 49141 Da) and GlucDRP (observed mass 
48718 Da, expected mass 48849 Da). 
The kinetic parameters of heterospecies was determined by an enzyme-coupled assay. The 
catalytic efficiency of GlucD/DRP was about 104 M-1 S-1, which is approximately an average of 
the catalytic efficiencies of GlucD (106 M-1 S-1) and GlucDRP (102 M-1 S-1) (Table 2.3). Therefore, 
the interaction between GlucD and GlucDRP has no effect on the kinetics of the heterospecies. 
 
 Reconstitution of GlucD/DRP heterospecies in vitro 
Hydrophobic interactions are among the most important interactions for protein folding 
(19). Chaotropic agents disturb hydrophobic interaction, causing denaturation of proteins. The goal 
of this analysis is to dissociate the homospecies by addition of chaotropic agents, leading to 
formation of monomers. Subsequent removal of the chaotropic agents will then provide the 
opportunity for formation of new form of dimer (i.e., heterodimers).  
The GlucD homospecies and GlucDRP homospecies were treated with 2 M Potassium 
thiocyanate and then dialyzed into Tris-MgCl2 buffer. The dialyzed solution was then loaded on 
an analytic HIC-PS to detect heterospecies formation. In the elution profile, two distinct GlucD 
and GlucDRP peaks in fractions #55-60 and #66-74 were detected. SDS-PAGE gel confirmed that 
GlucD and GlucDRP are individually present in the first and second sets of fractions. Therefore, 
the in vitro reconstruction of the GlucD/DRP did not produce detectable heterospecies (data not 
shown). 
 
 Constructing His-tagged GlucDRP on the E. coli chromosome and monitoring 
heterospecies expression 
The GlucD/DRP heterospecies was first purified from wild type E. coli grown on M9-
minimal media with 0.4% D-glucarate. Owing to the low catalytic efficiency of GlucDRP, tracking 
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its activity in eluted fractions is not feasible. Therefore, only fractions that showed GlucD activity 
were further investigated, and GlucD was shown to be involved in the heterospecies moiety with 
GlucDRP.  
To quantify and track production of the GlucDRP protein, we constructed an E. coli strain 
with a hexahistidine-tagged GlucDRP integrated into the chromosome. Fusing a His-tag sequence 
to the upstream of GlucDRP on the chromosome promotes the isolation of this protein as well as 
its associated proteins from the other cell lysate material by using a Ni2+ column purification 
method (Figure 2.10).  
 
Figure 2.10 The final sequence of E. coli chromosome after lambda (λ) Red recombineering.   
Sequence in blue and purple are in GlucP and GlucDRP sequences. The sequence in green is 
FRT sequence. The highlighted sequence in green is the His tag sequence. The underlined TAG 
is the stop codon of GlucP and ATG is the start codon of GlucDRP. 
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E. coli strain SG01 (derived from E. coli MG1655) was constructed by in-frame fusion of 
a nucleotide sequence shown Figure 2.10, including: a hexa-histidine tag, thrombin cleavage site, 
the first FRT sequence, Kanamycin resistance cassette and the second FRT sequence to the 
beginning of the GlucDRP gene (Table 2.5). Chromosomal engineering was performed using 
lambda (λ) Red recombineering method (vide infra). Subsequently, the antibiotic resistance 
cassette was eliminated from the chromosome by recombination between the two identical flanked 
FRT sites using pCP20 helper plasmid, yielding E. coli strain SG02 (Table 2.5) (20). Therefore, 
the E. coli SG02 was constructed by in-frame deletion of the kanamycin cassette leaving behind 
one FRT sequence fused to the C-terminus sequence of GlucP gene and a hexa-Histidine tag to the 
N-terminus of GlucDRP (21). This strain could not grow on D-glucarate M9-minimal media (data 
not shown). We hypothesized that this incompetence was due to impairment of the glucarate 
permease as a result of the fusion of the small peptide (11-amino acids from FRT sequence) to its 
C-terminus. Therefore, recombinant E. coli strain SG02 was complemented with a pDMS1-a 
plasmid containing a glucarate permease gene (UniProt ID Q8ZMD7, GI 16766268) from 
Salmonella typhimurium LT2 (ATCC 700720). E. coli GlucP and S. typhimurium D-glucarate 
permease share 97% protein sequence similarity and 86% nucleotide sequence similarity. Strain 
SG03 regained the ability to grow on D-glucarate M9-minimal media.  
   
 Table 2.5 List of E. coli MG1655 mutant constructed in this study. 
Strain Chromosome Fusion* Plasmid 
SG01 (His)6, FRT, Kan, FRT  
SG02 (His)6, FRT  
SG03 (His)6, FRT PDMS1-a :: GlucP 
 *Fusion happened on the upstream of GlucDRP sequence 
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 The growth phenotype of SG03 
The growth rate of SG03 was compared to that of parental strain MG1655 containing either 
an empty pDMS1-a vector or pDMS1-a vector carrying GlucP (pDMS1::GlucP) in D-glucarate 
M9-media at 37 °C by measuring the absorbance at 600 nm (Figure 2.11). No difference in growth 
was observed, showing that the growth of SG03 is affected neither by the His-tagging of GlucDRP 
nor by complementing it with pDMS1-a::GlucP. 
 
Figure 2.11 The growth comparison bewteen MG1655 starin (with and without plasmid) and 
SG03 on D-glucarate M9-minimal medial. Star in legened was marked the media containing 
the antibiotic ampiciline. 
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 Purification of chromosomal His-tagged GlucDRP 
The presence of the His-tagged GlucDRP enabled us to develop an easy method for 
purification of GlucDRP (22) as well as the purification of the heterospecies moiety by using a 
Ni2+ column. HIC-PS was again used to facilitate the separation of highly similar proteins.  
The SG03 cells were grown on D-glucarate M9-minimal media overnight at 37 °C and 
were loaded on the HisTrapTM HP column. The flow-through was collected and assessed for D-
glucarate dehydratase activity. Figure 2.12 represents the elution profile of the column with two 
distinct peaks at protein absorbance versus fraction/time curve: 1) in fraction #1-2 and 2) in high 
imidazole concentration in Fractions #40-60. The first fractions were pooled and analyzed for D-
glucarate dehydratase activity (Table 2.6). We expected that GlucDRP alone and the GlucD/DRP 
heterospecies to interact with the Ni2+ column. 
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Next, the 6xHis-tag was removed by treatment with thrombin, and the cleaved protein was 
loaded onto a HIC-PS column. The eluent protein was detected in fractions #60-65, which is in 
accordance with fractions that GlucD/DRP eluted in calibration curve (Figure 2.9 and Figure 2.13). 
Additionally, Coomassie staining of SDS-PAGE gel showed two bands likely corresponding to 
GlucD and GlucDRP. Therefore, the eluted His-tagged protein from Ni2+ is almost certainly the 
GlucD/DRP heterospecies. 
 
Figure 2.12 Ni2+ elution profile of D-glucarate SG03 grown cells. Insets shows the GlucD 
activity in the same fractions. GlucD activity and absorbance were detected in fraction #1-2 
and fraction #40-60. 
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The GlucD activity and protein content of lysate, flow-through, wash and eluant of Ni2+ column 
were measured using the semicarbazide assay and Bradford assay, respectively (Table 2.6). Theses 
analyses show that more than 70% of the GlucDs form heterospecies in E. coli grown cells.  
  
 
 
Figure 2.13 HIC-PS column elution profile of Ni2+ eluant. The insets show the 
GlucD activity assay. The SDS-PAGE gel was run using the fractions 59-68. 
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Table 2.6 Ni column purification quantification 
 
 Unit per vol mg protein Unit per mg 
Lysate 4570 663 7 
Flow-Through 1175 442 3 
Wash 810 81 10 
Eluant 2600  120 22 
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 Crystal structure of GlucD/DRP heterospecies  
The three-dimensional structures of GlucDRP homotetramer and the GlucD/DRP 
heterotetramer were obtained by Tiit Lukk and co-workers. This structure were solved with a 
citrate molecule tightly occupying the active site of GlucDRP. From both structures it is evident 
that GlucDRP has little affinity for the catalytically essential Mg2+ ion. Although two chelators 
were included in the crystallization conditions for both enzymes, the divalent metal ion was only 
retained in the GlucD active site. Clear electron density with appropriate coordination geometry 
for Mg2+ ions can be observed only in the GlucD active sites. However, for the GlucDRP species, 
citrate is bound tightly in the active site of both the homo and the hetero complexes (Figure 
2.14).  
 
 
 
Figure 2.14 Stereo views of the GlucD and GlucDRP active sites within the GlucD/DRP 
heterotetramer. Left panel: GlucDRP active site with residues relevant either to substrate 
recognition or catalysis highlighted in light blue. Fo – Fc difference Fourier electron density map 
of the bound citrate moiety is contoured at 4 σ level. Right panel: the metal binding site within 
the GlucD species of the GlucD/DRP heterotetramer.  
Fo – Fc difference Fourier electron density map for Mg2+ ion is contoured at 10 σ level and at 5 
σ for the SO42- anion. The sulfate anion and C5 carboxylate of citrate bind in an identical fashion 
to the C1 carboxylate group of D-glucarate.   
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Numerous attempts to crystallize E. coli GlucDRP in the presence of Mg2+ ions had 
failed in the past, strongly suggesting loss of affinity for that otherwise essential metal ion. 
Another evidence for the destabilizing effect of Mg2+ ions for GlucDRP is the fact that the 
solubility of the protein increases one hundred-fold after treatment of the enzyme with EDTA. 
In all cases, on a macroscopic scale, the tetramers of GlucD, GlucDRP and GlucD/DRP 
correspond to an identical domain organization (Figure 2.15).  
 
 
Figure 2.15 Domain organization of GluD (red, α2/α2), GlucD/DRP (red/blue, α2/β2), and -
GlucDRP (blue, β2/β2) tetramers. Dotted line - α2/β2 dimerization interface; solid line α/α or β/β 
dimerization interface. 
 
2.4 Conclusion  
GlucD and its close homologs GlucDRP share more than 60% sequence identity. However, 
GlucDRP is not an efficient D-glucarate dehydratase. Several attempts were made to engineer the 
inactive GlucDRP as an efficient dehydratase by substitution of residues suspected to be important 
for catalysis. However, GlucDRP’s activity was unmodified. Importantly, it was shown that there 
is a protein-protein interaction between GlucD and GlucDRP which form a detectable 
heterospecies. The kinetics of heterospecies, isolated from wild type E. coli, was equal to an 
average of the activity of a GlucD and a GlucDRP. Additionally, through use of a hexahistidine-
tag introduced upstream of the GlucDRP gene in the E. coli chromosome, it was shown that 
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GlucDRP involves in formation of GlucD/DRP. Finally, we determined the three-dimensional 
crystal structure of the heterospecies, which revealed that GlucDRP has low affinity for the 
catalytically-important Mg2+ ion.   
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3 CHAPTER 3. INVESTIGATION OF GLUCARATE 
DEHYDRATASE RELATED PROTEINS (GLUCDRP) IN 
ACTINOBACILLUS SUCCINOGENES, BURKHOLDERIA 
CEPACIA AND RALSTONIA PICKETTII  
 
3.1 Introduction 
Previous studies have shown that members of the enolase superfamily share similar three-
dimensional folds. Within these folds, variations in the identities and positions of active site 
residues provide the basis for catalysis of diverse reactions (1, 2). Based on the identity and 
position of the acid/base catalyst and conserved metal binding residues, the enolase superfamily is 
divided to 7 subgroups; the GlucD subgroup is the focus of this chapter. The GlucD subgroup 
comprises GlucD and GlucD-related proteins (GlucDRPs), which share sequence identity up to 
70% but do not serve the same function. The high sequence identity between these proteins 
suggests that they are duplicates of the same gene sequence. 
The genomes of many organisms encode multiple copies of genes that are closely related 
in structure and functions (3) that are thought to have arisen by gene duplication. A variety of 
models has been proposed to explain why gene duplicates are maintained over evolutionary time 
(4). According to classical models, duplicate genes initially have redundant functions. Therefore, 
potentially deleterious mutations are more easily tolerated. Since, an extra copy of a gene 
experiences less selective constraints, gene duplicates undergo an increased rate of evolution (3, 
5). Permanent preservation of a duplicate gene occurs when a rare beneficial mutation endows one 
duplicate with a novel function that results in a competitive advantage, while the first copy 
maintains the original function (3).  
These models assume that paralogues can be treated independently (4). However, for many 
gene products like GlucD and GlucDRP, there are protein-protein interactions that imply these 
genes are not intrinsically independent from each other. I showed in a previous chapter that E. coli 
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GlucD and GlucDRP interact to form a heterospecies. In this chapter, I investigate the activities of 
GlucDRP members of the GlucD subgroup, and I examine the protein-protein interaction between 
GlucD and GlucDRP in three phylogenetically distinct strains (Burkholderia cepacia, 
Actinobacillus succinogenes 130Z and Ralstonia pickettii 12j) to confirm the existence of these 
interactions in different genome contexts.  
 
3.2 Materials and methods  
GlucD and GlucDRP were investigated using the following materials and methods. 
 
 High-throughput acid sugar library screening (HTS) 
Enzymes listed in Figure 3.1 were cloned and purified by the New York SGX Research 
Center for Structural Genomics. They were screened for acid sugar dehydration activity with a 
library of 77 mono- and di- acid sugars listed in Appendix B using the semicarbazide assay (6). 
Reactions (50 µL) were performed in Corning 96-well UV-transparent plates, containing 50 mM 
Tris-HCl, pH 8.0, 5 mM MgCl2, 1 mM acid sugar and 1 µM enzyme at 30 °C. After 16 hours, a 
250 µL aliquot of a 1% semicarbazide solution in 1% sodium acetate was added. The absorbance 
(250 nm) was measured after incubation at room temperature for 1 hr (TECAN micro plate reader 
[ɛ = 10,200 cm-1 M-1]). 
 
 Determination of kinetic constants of D-glucarate dehydratase using a coupled assay  
GlucD activity was quantitated using a continuous enzyme-coupled spectrophotometric 
assay. The absorbance of reaction mixture (200 µL), containing 50 mM HEPES buffer at pH 8, 10 
mM MgCl2, 0.16 mM NADH, 0.01 mM to 2.5 mM D-glucarate, 25 µM 5-keto-4-deoxy-D-
glucarate aldolase (KDG aldolase) and 10 unit lactate dehydrogenase (LDH), was monitored at 
340 nm (ɛ = 6220 M-1 cm-1) with a Perkin-Elmer Lambda-14 UV-Vis spectrophotometer. During 
this reaction the aldolases catalyzes cleavage of the GlucD dehydration product forming  tartronate 
semialdehyde (TSA) and  pyruvate. Next, LDH reduces TSA to form glycerate, oxidizing NADH 
which is detectable at 340 nm.  
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 1H NMR spectra  
The dehydration reaction was carried out in a 800 μL mixture reaction of 20 mM substrate, 
50 mM potassium phosphate, pD 8, 5 mM MgCl2 and 5 µM GlucDRP-III protein incubated for 2 
days at 30 °C. All 1H NMR spectra were recorded on a Varian Unity INOVA 500NB MHz 
spectrometer. All compounds used were the highest grade commercially available. 
 
 Gene synthesis of GlucDs and GlucDRPs  
The GlucD and GlucDRP genes from Actinobacillus succinogenes 130Z with UniProt ID 
A6VQF1 and A6VQF6, from Burkholderia cepacia with UniProt ID Q39I44 and Q39KL8, and 
from Ralstonia pickettii 12j with UniProt ID B2U999 and B2UIZ1 were codon-optimized by 
GenScript and cloned in the E. coli compatible cloning plasmid pUC57. Each gene was amplified 
in a 100 µL reaction mixture containing 1 ng DNA, 20 µl 5X Phusion HF buffer, 0.2 mM dNTP, 
1 µl of NEB Phusion enzyme and 40 pmol primers using a PTC-200 thermocycler. The PCR cycle 
was as follows: 95 °C for 4 min followed by 26 cycles of 95 °C for 45 s, 55 °C for 45 s, and 72 °C 
for 2 min and 15 s followed by 7 min at 72 °C. 
 
 Cloning, expression, and purification of GlucD and GlucDRP in pRSFDuet vector  
The GlucD gene was PCR amplified, digested with NdeI and XhoI, and used to create the 
linearized pRSFDuet. The GlucD was ligated in the multiple cloning site (MCS-1) of the vector 
using NEB T4 DNA ligase. The ligation product was transformed into XL1Blue electrocompetent 
cells. The resulting pWD plasmid was digested with the second set of restriction enzymes, SacI 
and HindIII, as well as the GlucDRP amplified gene. The second ligation was performed using 
NEB T4 DNA ligase and the final construct: pWDDRP results in a hexa-histidine-tagged GlucD 
gene and an untagged GlucDRP gene. 
The two-ORF construct, pWDDRP, was expressed in E. coli BL21 (DE3) and grown in 
LB medium at 37 οC supplemented with 50 µg/mL kanamycin to reach OD 0.5. Then it was 
induced by addition of IPTG to a final concentration of 0.5 mM. The cells were collected after 16 
hours by centrifugation (15 min at 4500 x g), resuspended in binding buffer (5 mM imidazole, 0.5 
M NaCl, 5 mM MgCl2, and 20 mM Tris-HCl, pH 7.9), lysed by sonication, and clarified by 
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centrifugation. The lysate containing the His-tagged GlucD and untagged GlucDRP was loaded 
on a 5 mL His Trap FF Crude column (GE Healthcare) equilibrated with binding buffer. The 
tagged protein was eluted with a linear 80 mL gradient from 0% to 100% of elution buffer (1 M 
imidazole, 0.5 M NaCl, and 20 mM Tris-HCl, pH 7.9). Cloning into other expression vectors, like 
pET15b, was performed as described above.  
 
 Mass spectroscopy 
Electrospray ionization mass spectroscopy was carried out on a Q-Tof Ultima mass 
spectrometer by The Mass Spectrometry Laboratory (MSL) at UIUC. A protein solution of 100 
pmol/µl was prepared in 50% v/v acetonitrile with 0.1% formic acid for injection.  
 
3.3 Results and discussion 
The GlucDRP clusters and interactions of GlucD and GlucDRP were characterized as 
follows. 
 
 GlucDRP from other bacteria 
A representative node sequence similarity network for the D-glucarate dehydratases 
(Figure 3.1) was constructed using a BLAST e-value 10-85 that collects all sequences sharing > 
95% sequence identity into the same “metanode”. As the BLAST e-value is decreased, the single 
GlucD cluster (Figure 3.1, Panel A) buds into three clusters containing GlucDRP sequences: 
GlucDRP-I (which contains E. coli GlucDRP), GlucDRP-II, and GlucDRP-III (Figure 3.1, Panel 
B). 
Twelve protein samples, listed in Figure 3.1 were screened for dehydration activity to 
sample sequence-function space in the GlucD subgroup. The high-throughput screening results are 
shown in Figure 3.1 indicating that they all dehydrate D-glucarate and L-idarate after 16 hours 
incubation. 
  
B 
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Figure 3.1 (A) Sequence similarity network of GlucD subgroup members at BLAST e-value 
threshold of 10 -85 (40% sequence identity). (B) The same sequence similarity network at a 
more stringent BLAST e-value of 10 -175 (67% sequence identity). 
 
Kinetic constants for GlucD, GlucDRP-I, GlucDRP-II and GlucDRP-III proteins were 
determined (Table 3.2). The catalytic efficiency (kcat/Km) of the authentic GlucD from E. coli was 
measured to be ~ 1 x 106 M-1s-1 with D-glucarate. The GlucDRP-I, GlucDRP-II and GlucDRP-III 
catalytic efficiencies were measured to be ~ 102 M-1s-1, ~ 10 M-1s-1and ~ 10 M-1s-1, respectively; 
these low values indicate that D-glucarate is not the correct substrate for any GlucDRP, despite 
showing > 60% sequence identity with GlucD. These kinetic data show that high sequence identity 
is not always a reliable indication of function. 
  
A 
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Table 3.1 HTS results of GlucDRP members on substrates. 
          % Turnover    
# 
UniProt 
ID  
SGX 
ID 
D-glucarate 
L-
idarate 
D-
mannarate 
L-
mannarate 
1 Q7AB75 9499b 2 - - - 
2 D2ZJP7 9499c 92 78 - - 
3 A6VQF6 9499d  90 99 - - 
4 Q6D172 9499e 69 62 - - 
5 B9Z3K7 9499f 28 35 - - 
6 Q39KL8 9499i  78 60 - - 
7 A4XRL3 9499m  89 59 - - 
8 B2UIZ1 9499n 76 84 - - 
9 C5EVR2 9499r 79 46 - - 
10 Q1QUN0 9499t  65 82 - - 
11 G4Q2Y4 9499s  100 91 35 20 
12 C5EVR2 9499u 95 87 10 6 
* All substrates with more than 5% turnover were shown  
 
 
Interestingly, GlucDRP-III proteins showed low activities on two enantiomeric sugars: D-
mannarate and L-mannarate. After a 16 hr incubation at 30 °C, UniProt ID G4Q2Y4 from 
GlucDRP-III dehydrated 1 mM D-mannarate and L-mannarate with 35% and 20% yields, 
respectively. Since the dehydration turnover numbers were low, I used 1H NMR spectroscopy to 
confirm the dehydration activity. The peaks around 2 ppm for both D-mannarate and L-mannarate 
1H NMR reactions are indicative of dehydration reaction (Figure 3.2). From these spectra, taken 
after 2 days incubation, both D-mannarate and L-mannarate were converted to the dehydration 
product with ~ 50% yield. 
 
Figure 3.2 1H NMR spectra of GlucDRP-III reactions on D-mannarate and L-mannarate. (A) 1H 
NMR spectra below and top showing D-mannarate before and after adding the GlucDRP-III 
enzyme. (B) 1H NMR spectra below and top showing L-mannarate before and after adding the 
GlucDRP-III enzyme. 
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The kinetic parameters for dehydration of D-mannarate by GlucDRP-III were measured by 
the semicarbazide assay (Table 3.2); this reaction was shown to have a catalytic efficiency similar 
to that of GlucDRP-III on D-glucarate and L-idarate. The failure of the reaction to reach 
completion in over 16 hours is still not fully understood, although it is possible that the enzyme 
may have lost its activity over time.  
Table 3.2 Kinetics constants for GlucD, GlucDRP-I, GlucDRP-II and GlucDRP-III 
 
  UniProt ID PDB Substrate  kcat  (s
-1) 
Km 
(mM) 
kcat/Km (s
-1M-1) 
GlucD U6NFD8 1ECQ D-glucarate 19 0.02 10 x 105 
   L-idarate 14 0.2 7 x 104 
GlucDRP-I U6NC05 4ILO D-glucarate 0.1 0.15 7 x 103 
   L-idarate 0.04 0.1 4 x 102 
GlucDRP-I A6VQF6 3N6H D-glucarate 0.06 0.3 2 x 102 
      L-idarate 0.04 0.14 3 x 102 
GluDRP-II B2UIZ1 3P0W D-glucarate 0.05 0.68 7 x 101 
   L-idarate 0.003 0.54 6 x 100 
GluDRP-II Q39KL8 3NXL D-glucarate 0.1 0.15 7 x 103 
      L-idarate 0.01 0.12 8 x 101 
GlucDRP-
III 
G4Q2Y4   D-glucarate 0.1 0.2 5 x 102 
   L-idarate 0.01 0.2 5 x 101 
   D-mannarate 0.04 0.5 8 x 101 
  C5EVR2   D-mannarate 0.07 0.8 9 x 101 
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 GlucDRP crystal structures from different bacteria 
Two three-dimensional structures were determined from the GlucDRP-I and GlucDRP-II 
clusters by the Almo lab, providing the opportunity to compare the GlucDRP structure with that 
of the authentic GlucD. Two three-dimensional structures of GlucDRP-I are available: PDB-3N6J 
(UniProt ID A6VQF6) with no ligands bound, and PDB-4IL0 (UniProt ID U6NC05) with citrate 
in the active site. Additionally, two crystal structures from GlucDRP-II proteins were solved: PDB-
3NXL (UniProt ID Q39KL8) with a carbonate ion and Mg2+, and PDB-3P0W (UniProt ID 
B2UIZ1) with D-glucarate and Mg2+ bound in the active site. No structures were obtained for 
GlucDRP-III cluster proteins (Table 3.2).   
   
 
 
Figure 3.3 Superposition of 1ECQ and 3N6J 
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The superposition of an authentic GlucD structure (PDB-1ECQ) with the structure of the 
GlucDRP-I member (PDB-3N6J) has a RMSD of 1.10 Å over Cα pairs (Figure 3.3). 
Superimposition of the authentic GlucD (PDB-1ECQ) with a GlucDRP-II member (PDB-3P0W) 
yielded an RMSD of 1.73 Å over Cα pairs (Figure 3.4). The comparison of protein tertiary 
structures showed good tertiary superposition along the whole sequence except for the 100s loop, 
which interacts with the substrate and occludes the active site from solvent.  
 
Figure 3.4 Superposition of 1ECQ and 3P0W. 
 
The structural alignment between the GlucD and the GlucDRPs revealed that the 100s loop 
of GlucDRP-I (PDB-3N6J) has 7 fewer residues than that of the authentic GlucD (PDB-1ECQ), 
while the 100s loop of GlucDRP-II (PDB-3P0W) contains 16 additional amino acids as compared 
to that of the authentic GlucD (Figure 3.5). This structural element plays an important role in 
attaining a catalytically productive active site geometry; for example, Thr103 in the 100s loop 
closely interacts with the 3-OH of the substrate (7). Changes in the length and/or amino acid 
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composition of the 100s loop might affect the distance between key residues in the loop and the 
substrate, possibly causing a deleterious effect on enzyme activity. 
 
Figure 3.5 The structural alignment of authentic GlucD (PDB-1ECQ) and GlucDRP-I (3N6J) 
and GlucDRP-II (PDB-3P0W). The highlighted residues in pink are GlucD’s 100 loop. The 100s 
loop of GlucDRPs are highlighted in yellow.  
 
 GlucDs and GlucDRPs on separate transcripts can also form heterospecies  
GlucD and GlucDRP proteins from different species were investigated to observe the 
formation of a heterospecies as observed in E. coli. 
 
 The genome context of GlucD and GlucDRP in other strains  
We previously showed that GlucD and GlucDRP in E. coli form a heterospecies, and a 
three-dimensional structure of the GlucD/DRP heterospecies was obtained by Tiit lukk and co-
workers at a resolution of 2.1 Å (PDB-4GYP) (Chapter 2).  In E. coli, the genes encoding GlucD 
and GlucDRP are adjacent to one another and are transcribed on the same transcript. Based on the 
observation that GlucD forms an octamer and because of their high sequence identity, formation 
of a heterospecies was not surprising. We were next interested in determining whether GlucDs and 
GlucDRPs from other bacteria with different genome contexts would form heterospecies as well. 
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Figure 3.6 GlucD and GlucDRP in three different genome contexts. GlucD and GlucDRP in 
some genome context are both on the same transcript (E.coli); in some cases on the same 
transcript but not by each other (like A. succinogenes 130Z); in some cases neither on the same 
transcript nor by each other (like B. cepacia).  
 
 
 In Actinobacillus succinogenes strain 130Z (ATCC 55618), the GlucD and GlucDRP 
genes (GlucD, UniProt A6VQF1; GlucDRP, UniProt A6VQF6) are co-transcribed but not adjacent 
(Figure 3.6). In Burkholderia cepacia (ATCC 17760) (GlucD UniProt Q39I44; GlucDRP, UniProt 
Q39KL8), the GlucD and GlucDRP genes are located on different transcripts and two separate 
chromosomes (Figure 3.6). 
To examine the formation of GlucD/DRP heterospecies, GlucD and GlucDRP genes from 
A. succinogenes and B. capacia were cloned into pRSFDuet vector. The pRSFDuet vector hs two 
open reading frames (ORFs) to facilitate cloning and expression of multiple target proteins in a 
single E. coli expression host strain.  GlucD was cloned into multiple cloning site 1 (MCS-1), so 
that it utilized the ATG (Met) translation initiation site upstream of the His-tag sequence. The 
GlucDRP was cloned into the multiple cloning site 2 (MCS-2) which utilizes the T7 lac promoter 
of the MCS-2. The translation ends at the ATT site of the GlucDRP sequence (the plasmid carries 
a single T7 terminator to ensure the expression and translation of both ORFs) (Figure 3.7-A). 
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Therefore, the transcript would have either both GlucD and GlucDRP or GlucDRP by itself. Upon 
expression three species could be present, two of which would have a His tag (GlucDRP 
homospecies and GlucD/GlucDRP heterospecies) while the GlucDRP homospecies would lack a 
His tag (Figure 3.7-B).  The cell lysate was applied to a Ni2+ column (Figure 3.7-C) and liquid 
chromatography electrospray ionization (ESI) mass spectroscopy was utilized to determine the 
masses of the eluted proteins (Figure 3.7-D).  
 
 
For the GlucD and GlucDRP from Burkholderia cepacia, the elution profile showed two 
bands on Coomassie-stained SDS gel (Figure 3.7), which had masses corresponding to GlucD and 
 
Figure 3.7 Determination of the interaction between GlucD and GlucDRP. A) The construct of 
pRSFDuet vector containing the His-tagged GlucD (red) and the untagged GlucDRP (purple). 
B) Upon expression, three possible species could be present; GlucD homodimer (His-tagged), 
GlucD/GlucDRP heterodimer (GlucD is His-tagged), and GlucDRP homodimer (untagged). C) 
The expressed proteins were loaded on a Ni2+ column to separate tagged GlucD and 
GlucD/GlucDRP heterospecies. D) Eluted proteins are analyzed by mass spectroscopy to 
identify the species as GlucD homodimer or GlucD/GlucDRP heterodimer. 
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GlucDRP (Figure 3.9). As a control, the expressed protein from the duet construct with only the 
GlucD gene was subjected to Ni2+ column purification and analysis by mass spectroscopy, 
confirming the presence of only GlucD (Figure 3.9). The GlucD and GlucDRP proteins from 
Actinobacillus succinogenes and Ralstonia pickettii 12j (Taxon: 402626) were also analyzed by 
the methods described above. For all organisms tested, the mass spectroscopy results confirmed 
the correct masses for both GlucD and GlucDRP, indicating that GlucD and GlucDRP in these 
species can form a heterospecies (Table 3.3).   
 
Figure 3.8 Burkholderia cepacia GlucD and GlucDRP nickel column elution profile.   
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Table 3.3 Comparison between the calculated and experimentally measured masses of 
the GlucD and GlucDRP in the GlucD/DRP complex in three strains; Bc: Burkholderia 
cepacia; As: Actinobacillus succinogenes 130Z; Rp: Ralstonia pickettii 12j. 
 
UniProt Mass (Cala) Mass (Expb) Δ Mass 
Bc-GlucD Q39I44 50990.4 50990.0 0.4 Da 
Bc-GlucDRP Q39Kl8 50149.9 50149.0 1.0 Da 
Rp-GlucD B2U999 51841.6 51839.0 3.0 Da 
Rp-GlucDRP B2UIZ1 50658.9 50656.0 3.0 Da 
As-GlucD A6VQF1 50703.6 50688.0 16 Da 
As-GlucDRP A6VQF6 49206.3 49190.0 16 Da 
                             a Calculated 
b Experimentally measured by electrospray ionization mass spectrometry. 
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Figure 3.9 Mass spectroscopy data of GlucD/DRP heterospecies. The table insert shows 
the calculated and measured mass of GlucD and GlucDRP. 
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 Acylation of the His-tag observed in mass spectrometry 
In the current study, the masses detected for GlucDs from different organisms were 178 
Da larger than what we expected. However, previous reports have shown that recombinant proteins 
can have “extra” mass of either 258 or 178 Da due to post-translational modifications of the His-
tag (8). Indeed, the His-tag used in this study (with a sequence of GSSHHHHHHSSGLVPR) does 
undergo acylation with a gluconolactone to acquire an extra 178 Da (8). A mass of 258 Da is 
gained if acylation occurs with a phosphorylated lactone (8). 
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3.4 Conclusion  
Gene duplication, which results in paralogous genes, is a considerable source of new 
enzymatic functions. The duplicate gene is subject to weaker selection, often resulting in the 
emergence of new functions. GlucD is a well characterized enzyme found in E. coli and other 
bacteria that is involved in the catabolism of D-glucarate. In some bacteria, a paralogous GlucDRP 
gene shares about 70% nucleic acid identity with GlucD, suggestive of a gene duplication event; 
however, these genes did not catalyze the dehydration of D-glucarate or L-idarate observed for 
GlucD. At a BLAST e-value of 10-175, three clusters of GlucDRPs segregated from the authentic 
GlucD. The GlucDRPs showed lower catalytic efficiencies for D-glucarate and L-idarate as 
compared to the authentic GlucD. Additionally, GlucDRP-III proteins showed low activity on L-
mannarate and D-mannarate. A structural alignment of the GlucD and GlucDRP proteins showed 
good superposition except in 100s loop, a flexible domain which interacts with the substrate and 
covers the active site. In some species like Ralstonia pickettii, this loop is longer, while in other 
organisms like Actinobacillus succinogenes the loop is considerably shorter. This structural 
difference may explain the differences in catalytic activity.   
The protein-protein interaction between E. coli GlucD and GlucDRP was previously 
characterized (Chapter 2). Here, it was shown that the GlucD/GlucDRP heterospecies can be 
formed in three species: Burkholderia cepacia, Actinobacillus succinogenes 130Z, and Ralstonia 
pickettii 12j. 
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4 CHAPTER 4. INVESTIGATION OF IN VIVO GLUCARATE 
DEHYDRATASE RELATED PROTEINS (GLUCDRP) 
4.1 Introduction 
Escherichia coli is a gram-negative gut commensal bacterium that populates the 
gastrointestinal tract of human infants shortly after birth and colonizes the mucous layer of the 
colon.  However, despite being one of the best-studied microorganisms and a model laboratory 
strain (1), many of the genes that give E. coli the capacity to survive and thrive in the ever-changing 
micro-environment of the lower gastrointestinal tract have not been well-characterized (2).  
Following changes in environment, bacteria rapidly modulate gene expression in response 
to specific environmental cues. For example, exposure to glucose induces expression of glucose 
degradation enzymes, while, concurrently, TCA cycle genes and components of the electron 
transport chain are repressed. Changes in gene expression, and particularly induction of genes 
involved in uptake and degradation of a limiting nutrient (e.g. gluconate transporter in E. coli) are 
thought to confer a competitive advantage over other resident species in the same 
microenvironment (3, 4). 
Our lab is interested in characterizing unknown functions within the enolase superfamily. 
Many of these enzymes are involved in metabolism and are required for the utilization of a variety 
of sugars. In fact, the canonical enolase is involved in central metabolism.  The E. coli genome 
encodes eight enolases, one of which has not been functionally characterized.  This E. coli enolase 
superfamily member of unknown function is a member of the glucarate dehydratase subgroup and 
is a close homolog of the well-characterized E. coli D-glucarate dehydratase (GlucD) (5). This 
protein, hereafter referred to as D-glucarate dehydratase related protein (GlucDRP) shares 63% 
sequence identity to GlucD and all crucial catalytic residues are conserved. However, GlucDRP 
has poor activity on D-glucarate and L-idarate, the two known substrates of GlucD (section 2.3.1).  
Upon growth on D-glucarate, the glucarate operon of the E. coli K12 MG1655 is induced 
(5). This three gene operon consists of (1) a glucarate transporter (P), (2) a GlucDRP (X), and (3) 
a GlucD (D). The role of the dehydratase in glucarate degradation pathway is well-known; it is 
 76 
 
responsible for dehydration of glucarate with a catalytic efficiency of 105 M-1S-1. In screening a 
library of acid sugars, D-glucarate and L-idarate were identified as substrates for GlucDRP, albeit 
with catalytic efficiencies 1000-fold less than GlucD. These low catalytic efficiencies suggested 
that these may not be the correct substrates for this enzyme. We reasoned that an in vivo approach 
might help us determine the function of this enzyme. Here, relying on experiments performed in 
vivo we show that a knockout strain lacking the gene encoding GlucDRP grows more slowly than 
the wild type E. coli. 
 
4.2 Materials and methods  
 Measuring the cells GlucD activity to protein content ratio 
Starter cultures of knockouts from the Keio collection and E. coli K-12 strain BW25113 
were grown on D-glucose overnight at 37 °C. Cells were washed with M9-minimum media and 
used to inoculate M9-minimum media containing 0.4% of either D-glucose, meso-galactarate, 
fucose, glucuronate, glycerol, D-glycerate or D-glucarate. The protein contents of the cell lysates 
were determined by Bradford assay. GlucD activity was determined using the semicarbazide assay 
(6, 7). The ratio of GlucD activity to the total protein content of the cell was used as a measure for 
the amount of GlucD protein that had been translated. 
 
 Construction of glucarate operon deletion 
The three-gene glucarate operon was removed using the same method described elsewhere 
(8). Briefly, E. coli BW25113 containing Lambda Red recombination system (plasmid pKD45) 
was transformed with a PCR product containing the Kanamycin resistance gene with two flanking 
homologous sequences to the 5’ and 3’ ends, respectively.  Double recombinants were selected on 
kanamycin.  Subsequently, we selected for a second recombination between the FRT sites flanking 
the Kanamycin gene, resulting in removal of Kan cassette. This knockout strain (KO) is referred 
to as ΔP-X-D KO (P, GlucP; X, GlucDRP; D, GlucD).  
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 Constructing pBAD18:: Permease-GlucDRP-GlucD (or pBAD18:: P-X-D) 
PCR reactions (50 μL) containing 0.5 µg of chromosomal DNA , 5 μL of 10 x PCR buffer, 
4 mM MgCl2, 2 mM dNTPs, 40 pmol of each primer, and 0.5 unit of Phusion (NEB) were 
performed to yield a 4 kb PCR product of the E. coli glucarate operon. The PCR cycle was as 
follows: 95 °C for 4 min followed by 26 cycles of 95 °C for 45 s, 55 °C for 45 s, and 72 °C for 2 
min and 15 s followed by 7 min at 72 °C. The PCR product was cloned into PCR-Blunt II-TOPO 
according to manufacturer’s instructions (9).  
The inserts from each PCR-Blunt II-TOPO plasmids were digested, gel purified and 
subcloned into pBAD18 using conventional restriction enzyme cloning using NEB 10-beta 
electrocompetent E. coli. Clones were confirmed by restriction enzyme mapping. 
 
 Site-directed mutagenesis of GlucD and GlucDRP 
Site-directed mutants were generated using the overlap extension method.  PCR reactions 
(50 μL) containing 1 ng of PCR-Blunt II-TOPO plasmid containing the PDX (glucarate operon), 
5 μL of 10× PCR buffer, 4 mM MgCl2, 2 mM dNTPs, 40 pmol of each primer, and 0.5 unit 
of Phusion (NEB) were performed to yield megaprimers.  The 3′-megaprimer was constructed 
using the T7term primer and a sense primer encoding the desired mutation. The 5′-megaprimer 
was constructed using the T7pro primer and an antisense primer encoding the desired mutation. 
The PCR cycle was as follows: 95 °C for 4 min followed by 26 cycles of 95 °C for 45 s, 55 °C for 
45 s, and 72 °C for 2 min and 15 s followed by 7 min at 72 °C. The primers were purified by 1% 
agarose gel electrophoresis followed by gel extraction (Qiagen).  The second reaction mixture (50 
μL) contained 5 μL of 10× PCR buffer, 4 mM MgCl2, 2 mM dNTPs, 40 pmol each of primers, 200 
pmol of each megaprimer and 1 unit of Phusion enzyme.  The PCR cycle described above was 
utilized for this reaction.  The resulting plasmids were sequenced to confirm the presence of the 
expected mutations.  
 
 KO complementation experiment 
Electrocompetent ΔP-X-D KO cells were transformed with P-X-D containing pBAD18 
plasmids (10). The complemented knockouts were grown on M9-D-glucose-Kan media, then were 
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washed with M9-minum media and inoculated into fresh M9-D-glucarate-Kan media to test for a 
growth phenotype.  
 
 Growth curve experiments 
4 mL LB starter cultures were initiated from single colonies and grown overnight. Cultures 
were washed with M9-minimum media and used to inoculate a fresh 4 mL M9-D-glucose media 
to an OD of 0.05. The cultures were grown to an OD of 0.4; the cells were then washed with M9-
minimum media and used to inoculate 300 μL of M9-D-glucarate in a 100-well honeycomb plate. 
The cells were grown at 37 °C with continues shaking using a Bioscreen-C system. The optical 
density at 600 nm was recorded every 20 minutes for a period of 36 hours. 
 
 Gene Expression analysis 
 Cell preparation 
E.coli wild-type or mutant cultures were grown in 5 ml of M9-minimal media with 20 mM 
D-glucose as carbon source to an OD of 0.4. The cells were pelleted by centrifugation (4,000 x g, 
10 min at 4 °C). The cell pellet was washed twice with M9-minimal media and resuspended in 10 
ml of M9-minimal media lacking a carbon source. The cultures were divided into two 5 ml 
samples. D-Glucose was added to one sample and D-glucarate was added to the second sample. 
The cultures were incubated at 37 °C for 3 hours.  
 
 RNA sample preparation 
For preparation of RNA samples, E. coli cells were harvested at mid exponential phase to 
which 2 volumes of RNAprotect Bacteria Reagent (Qiagen) were added. After mixing for 10 
seconds, the solution was incubated for 5 min at room temperature. The cells were pelleted by 
centrifugation (10,000 x g, 5 min at 4 °C), and the supernatant was decanted. RNA isolation was 
performed on ice using an RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. RNA 
concentrations were determined by absorption at 260 nm. Isolated RNA was analyzed by agarose 
gel electrophoresis to assess sample integrity, and spectrophotometrically in the Nanodrop 
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(Thermo) using the absorption spectra ratios A260/A280, A260/A230, and A350/A220 to assess 
sample purity. The lack of the presence of carryover DNA from the RNA prep was confirmed by 
PCR. The RNA preparations were stored at -80°C until use. 
 
 QRT-PCR 
Reverse transcription was performed on 1 µg of total RNA by using the RevertAidTM H 
Minus First Strand cDNA synthesis kit (Fermentas) according to the manufacturer’s protocol. 1 µl 
of cDNA was used in separate PCR reactions of 20 µl for each gene. Minus-RT controls were 
performed to test for genomic DNA contamination in each RNA sample. Real-time PCR was 
carried using a Roche LightCycler 480 (LC480). The 20 μl PCR mix was prepared by adding to 1 
μl cDNA template, 2 μl of forward and reverse primers (ﬁnal concentration 150 nM of each primer) 
and 10 μl of SYBR 2X Concentration Green Master Mix (Roche). The PCR running conditions 
were: 95°C for 5 min, 40 cycles of ampliﬁcation at 95°C for 15 s and 60°C for 1 min. Expression 
levels were normalized to 16S rRNA. The data were analyzed by 2–ΔΔCT calculation method (11). 
The data presented is the averages of three biological replicates.  
 
4.3 Results and discussions 
To investigate the function of GlucDRP in vivo, knockout strains from Keio collection were 
employed. The Keio collection library consists of a set of E. coli K-12 single-gene deletions of all 
non-essential genes using the direct method of chromosomal gene inactivation by Datsenko and 
Wanner (12). It is comprised of 3985 knockout mutants in duplicate for E. coli K12 strain 
BW25113. The colonies were KanR to facilitate the transfers. The antibiotic resistance cassette 
from GlucD and GlucDRP knockouts were removed using a flippase carrying plasmid, leaving 
behind in-frame deletions. Most of the gene sequences in GlucD and GlucDRP knockouts were 
removed and a 24 bp sequence for the beginning and end of the genes remained.  In the D-glucose 
M9-minimal media, E.coli wild type strains K12 MG1655 and BW25113 and knockout strains 
grew indistinguishably (data not shown). Additionally, in cell extracts from wild type cells grown 
on D-glucose, glucarate dehydratase activity was not detected, suggesting that this gene is not 
induced in the absence of D-glucarate. No variance in growth was seen for all D-glucose grown 
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strains. As expected, the GlucD knockout was unable to grow on D-glucarate as the sole carbon 
source. The GlucDRP knockout exhibited a 24 hour lag in growth on D-glucarate, while wild type 
cell grew after 12 hour lag (Figure 4.1). The results were similar regardless of whether cells were 
taken from starter cultures that were in the exponential or stationary phase.  
 
Figure 4.1 Comparison between growth of WT and Keio KOs: WT, black circles; GlucDRP KO, 
red triangles; GlucD KO blue circles.  
 
One possible explanation for this observation is that since GlucD is downstream of 
GlucDRP (Figure 4.2), the knockout in which most of the gene was removed might contain basic 
elements whose deletion adversely affects the expression of the GlucD gene, e.g. premature 
transcription termination or ribosome binding site. This polar effect could result in differences in 
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transcription and translation contents of the wild type and GlucDRP KO strains resulting in a 
growth lag.  To test for possible polar effects, the mRNA levels of glucarate operon genes were 
measured in each knockout strain. As shown in Figure 2, all genes are transcribed consistently 
between knockouts and wild type, eliminating the possibility that GlucD transcription was 
influenced by elimination of upstream elements. 
 
 
 
 
 
 
 
 
 
 
To test for possible polar effects on translation, GlucD protein contents were compared 
among glucarate-grown knockout and wild type strains. The protein contents of the cell lysates 
grown on six carbon sources as control and glucarate were determined by the Bradford assay as 
well as GlucD activity with the semicarbazide assay. The ratio of GlucD activity to the total protein 
content of the cell was used as a measure for protein level of GlucD. As shown in Figure 4.3, solely 
the GlucD specific activity was observed in wild type and GlucDRP knockout strains grown on 
glucarate and m-galactarate, and the activities values were nearly identical. The transcription and 
translation analyses indicate that the observed Keio collection knockout phenotype is due to the 
elimination of the GlucDRP gene itself and is not due to polar effects.  
Figure 4.2 Comparison between mRNA levels of the three operon genes: GlucP, GlucDRP, 
and GlucD in WT and the knockouts strains.  
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Figure 4.3 The ratio of GlucD activity to the total protein content of the WT, GlucDRP KO, and 
GlucD KO on five carbon sources.  
 
As shown Figure 4.3, m-galactarate grown cells contain about as much GlucD activity as 
D-glucarate grown cells. This is due to the fact that m-galactarate and D-glucarate are both 
dehydrated to the same product (2-keto-3deoxy-D-glucarate, KDG) which is metabolized 
thereafter to yield pyruvate and 2-phospho-glycerate. Thus, the transcription units encoding the D-
glucarate and m-galactarate metabolizing genes are co-regulated.  
To further probe the observed phenotype, and to exclude the possibility of a polar effect, 
we generated a full-length protein that is catalytically impaired. Previously, His 339 was shown to 
be a crucial catalytic residue in the GlucD active site, mutation of which leads to a massive 
decrease in catalytic efficiency of 105 fold (13, 14).  
To prepare the catalytically-impaired “knockout,” we first generated a deletion of the entire 
glucarate operon (∆P-X-D-KO). As expected, ΔP-X-D KO was unable to grow on D-glucarate 
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(Figure 4.4). Subsequently, the entire three-gene operon was cloned into a pBAD18 plasmid. By 
performing site-directed mutagenesis, the catalytic His 339s of GlucD and GlucDRP were each 
mutated to Gln. Therefore, three plasmids were prepared: (1) pBAD18:P-X-D, (2) pBAD18:P-
X(H339Q)-D, and (3) pBAD18:P-X-D(H339Q). Finally, the ΔP-X-D KO was complemented with 
either of the three plasmids. 
 
Figure 4.4 Comparison between ΔP-X-D E. coli complemented with the WT operon (P-X-D), P-
X(H339)Q-D or P-X-D(H339Q) containing pBAD18. P-X(H339)Q-D showed a lag compared to 
the cells complemented with WT plasmid. 
  
The complemented ∆P-X-D strains were grown on M9-glucarate-Kan media to test for a 
growth phenotype. As shown in Figure 4.4, ∆P-X-D strains lacking complementation and ∆P-X-
D complemented with pBAD:P-X-D(H339Q) cannot grow on D-glucarate, however, ∆P-X-D 
strains complemented with the plasmid containing wild type P-X-D can. The ∆P-X-D strain 
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complemented with P-X(H339Q)-D showed similar lag to the GlucDRP KO strain before reaching 
exponential phase (Figure 4.4). 
The lag phenotype of the Keio collection deletion mutant and our ∆P-X-D: P-X(H339Q)-
D knockouts support the hypothesis that GlucDRP plays an important role in the transition from a 
rich medium to a poorer one in which D-glucarate is the sole carbon source. This protein appears 
to play some metabolic role in processes that are responsible for the adaptation of a cell to a new 
environment and to be able to begin to divide, perhaps in directing D-glucarate or its downstream 
intermediates to the right precursor metabolites needed for regenerating new cells. The underlying 
mechanisms during the lag are unclear, but this phenotype represents a good model for further 
study. The importance of the catalytic His involvement to fulfil this function is not known either.. 
Members of the enolase superfamily are not known nor thought to bind DNA so GlucDRP’s role 
growth must be indirect. Members of the enolase superfamily have wide-ranging functions, and 
there are some which play regulatory roles in bacteria: for example, the E. coli regulator of 
stationary phase, RspA; the SpaA protein of Streptomyces coelicolor; and iftA of Haloferax 
volcanii (4, 15, 16). Here, we have demonstrated that GlucDRP plays an important role but its 
substrate and its exact mechanism in the cell remain unknown. 
 
4.4 Conclusion 
The life of a bacterium alternates between rapid exponential growths on a rich media and 
a prolonged starvation phase (17). The onset of starvation leads to the induction of specific genes, 
such as the stationary phase-specific sigma factor of RNA polymerase. Here, GlucDRP was 
identified as a gene that promotes faster growth on glucarate media. D-glucarate is a component 
of urine, and as an occasional colonizer of the bladder and urinary tract, E. coli might have evolved 
mechanisms to rapidly catabolize a less favored source of energy like D-glucarate (18) and 
outcompete other resident microorganisms. Therefore, the growth defect observed here for the 
GlucDRP knockout might be even more pronounced under “natural conditions” when bacteria are 
competing for a limiting nutrient in an ecological niche.   
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5 CHAPTER 5. IDENTIFICATION OF A NOVEL PATHWAY 
FOR L-LYXONATE DEGRADATION  
5.1 Introduction 
 MR subgroup of the enolase superfamily characterizations 
Within enolase superfamily members less than 50% of members have not been 
characterized in vivo (1). Characterization of an in vitro activity has been considered to be 
sufficient to assign biological function to an uncharacterized (unknown) enzyme.  However, with 
the recognition that enzymes often are promiscuous in vitro and that this promiscuity may be 
irrelevant in vivo, in vivo evidence is necessary to confirm the in vitro activity as well as establish 
the in vivo metabolic/physiological function. For enzymes that function in metabolic pathways, 
characterization of the pathway in which the enzyme participates facilitates the assignment of both 
the correct in vitro activity as well as the physiological role of the enzyme.   
This laboratory has been interested in understanding the structural basis for divergent 
evolution of function in the enolase superfamily, with the name reflecting the most abundant 
member of the superfamily. Functional assignment in the enolase superfamily provides a paradigm 
for the challenges faced in assigning functions to unknown enzymes discovered in genome 
projects:  sequence homology alone is insufficient to transfer functional annotations from 
previously characterized members.   For example, the majority of members of the mandelate 
racemase (MR) subgroup within the enolase superfamily catalyze the dehydration of acid sugars 
in catabolic pathways (2, 3), although the substrate specificities of these are unknown.   
 
 Metabolism of pentose sugars: key sugars in nucleotides and cell wall structures 
Many bacteria are able to grow on di or mono acid sugars as the sole carbon sources; 
implicating the bacteria have an essential pathway of the sugar metabolism. Genome context of 
many of MR subgroup contains sugar kinases, dehydrogenases, aldolases, mutarotases, 
transcriptional regulator (GntR) and sugar permease denoting the underlying sugar degradation 
pathway (2). We expect that the MR members in such genome context are involved in utilizing 
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acid sugars. Other laboratories and ours, experimentally has assigned the functions of some 
unknown MR members; for example, D-galactarate dehydratase, D-glucarate dehydratase, etc. 
Among different sugars, pentose sugars are ubiquitous carbohydrates that plays crucial 
roles in biology of the cells. Riboses and deoxy riboses are building blocks of nucleic acid 
molecules. Also they play structural role in cells for example arabinose rich polymers in plant cell 
walls (4). Different pentose sugars degradation pathways have been introduced in the literature (5-
7) 
L-lyxonate, a 5 carbon sugar has not been reported as “natural occurring sugar” to be 
utilized by bacteria although It is included as a metabolite in the KEGG pathways like “Pentose 
and glucuronate interconversion” and “Ascorbate and aldarate metabolism” in which L-lyxonate 
is a product of decarboxylation/hydration of 2,3-Diketo-L-gulonate. In this chapter, we introduce 
the first pathway for catabolism of L-lyxonate and characterize the enzyme involve in the pathway. 
 
5.2 Materials and methods 
 Screening of acid sugar library for dehydratase activity 
Enzymes were screened for acid sugar dehydration activity with a library of 77 mono- and 
di- acid sugars using the semicarbazide assay (2).  The reaction solutions contained 50 mM Tris-
HCl, pH 8.0, 5 mM MgCl2, 1 mM acid sugar and 1 µM enzyme.  The reactions (50 µL) were 
performed in Corning 96-well UV-transparent plates and were incubated at 30 °C for 16 hours.  A 
250 µL aliquot of a 1% semicarbazide solution in 1% sodium acetate was added; after incubation 
at room temperature for 1 hr, the absorbance was measured at 250 nm with a TECAN micro plate 
reader (ɛ = 10,200 cm-1 M-1). 
 
 Kinetic assays of L-lyxonate pathway enzymes 
L-Lyxonate dehydratase (LyxD) activity was quantitated using a continuous enzyme-
coupled spectroscopic assay. The 200 µL mixture reaction contained 20 mM HEPES buffer, pH 
7.5, 5 mM MgCl2, 0.16 mM NAD
+, 0.025 mM to 1 mM L-lyxonate, 3 µM 2-keto-3-deoxy-L-
lyxonate dehydratase (L-Kdl dehydratase), 3 µM α-ketoglutarate semialdehyde dehydrogenase 
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(αKGSDH), and 21 nM LyxD. The reduction of NAD+ was monitored by the increase in 
absorbance at 340 nm ( = 6220 M-1 cm-1) with a Perkin-Elmer Lambda-14 UV-Vis 
spectrophotometer.  
Assays for the two pathway proteins L-Kdl dehydratase and αKGSDH were similarly 
performed:  the 200 µL mixture reaction contained 20 mM Hepes buffer, pH 7.5, 5 mM MgCl2, 
0.16 mM NAD+, 0.025 mM to 1 mM L-lyxonate, and 3 µM L-lyxonate dehydratase. However, for 
the L-Kdl dehydratase assay 3 µM αKGSDH and 21 nM L-Kdl dehydratase were added, and the 
reduction of NAD+ at 340 nm was measured.  For the αKGSDH assay, 21 nM αKGSDH and 3 µM 
L-Kdl dehydratase were added. These conditions provided that a limiting amount of assayed 
enzyme and excess amounts of the other enzymes in the reactions. 
 
 Cloning, Expression, and Protein Purification 
The genes encoding L-Kdl dehydratase (UniProt ID Q9I1Q1) and αKGSDH (UniProt ID 
Q9I1Q0) were PCR-amplified from Pseudomonas aeruginosa PAO1 ATCC 47085 genomic 
DNA. The 100 µL reactions contained 1 ng DNA, 20 µl 5X Phusion HF buffer, 0.2 mM dNTP, 1 
µl of NEB Phusion enzyme and 40 pmol primers complementary to the beginning and end of the 
genes containing desired restriction enzyme sites and used a PTC-200 Gradient thermocycler.  The 
digested PCR products were ligated into pET-15b vector linearized with the same restriction 
enzymes.  The ligation product was transformed in XL1Blue electrocompetent cells. 
The proteins were expressed in E. coli BL21 (DE3) cells transformed with expression 
plasmids grown at 37 °C in the presence of 100 µg/mL ampicillin until OD600 = 0.5, at which point 
the cells were induced by addition of 1 mM IPTG; growth was continued overnight. The cells were 
harvested by centrifugation (15 min at 4500 x g), resuspended in binding buffer (5 mM imidazole, 
0.5 M NaCl, 5 mM MgCl2, and 20 mM Tris-HCl, pH 7.9), lysed by sonication, and clarified by 
centrifugation. The lysate containing the His-tagged protein was loaded on a 5 mL HisTrap FF 
Crude column (GE Healthcare) equilibrated with binding buffer and eluted with a linear 80 mL 
gradient from 0% to 100% of elution buffer (1 M imidazole, 0.5 M NaCl, and 20 mM Tris-HCl, 
pH 7.9).  
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Expression αKGSDH yielded soluble His-tagged protein which was purified by Ni2+ 
column as mentioned above.  L-Kdl dehydratase was not soluble with the His-tag; however, it was 
soluble when purified using the pMAL-c2X plasmid containing maltose binding protein (MBP-
Tag).  The protein was loaded on MBP Trap HP (GE Healthcare) and eluted with MBP elution 
buffer (20 mM HEPES, pH 7.5, 100 mM KCl, and 10 mM maltose).  
The LyxD from Labrenzia aggregata IAM 12614 (UniProt ID A0NP48) was cloned into 
expression vector pNIC28-BSA4 by PCR and ligation-independent cloning method as previously 
described (8). pNIC28-BSA4-based expression vector containing the gene of interest was 
transformed into BL21(DE3) E. coli containing the pRIL plasmid (Stratagene) and used to 
inoculate a 20 mL 2xYT culture containing 50 µg/mL Kanamycin and 34 µg/mL Chloramphenicol.  
The culture was allowed to grow overnight at 37°C in a shaking incubator. The overnight culture 
was used to inoculate 2 L of ZYP-5052 auto-induction media (Studier).  The expression culture 
was placed in a LEX48 airlift fermenter and incubated at 37 °C for 4 hours and then at 22 °C 
overnight (16-20hrs).  Culture was harvested, pelleted by centrifugation at 6000 g for 10 min and 
stored at -80°C. 
The cells were resuspended in Lysis Buffer (20 mM HEPES pH 7.5, 20 mM Imidazole, 
500mM NaCl, 5% Glycerol, and 5mM MgCl2) and lysed by sonication.  Lysate was clarified by 
centrifugation at 35,000 g for 45 min.  Clarified lysate was loaded onto an AKTAxpress FPLC 
(GE Healthcare).  Lysate was loaded onto a 1 mL HisTrap Ni-NTA column (GE Healthcare), 
washed with 10 column volumes of Lysis Buffer, and eluted in buffer containing 20 mM HEPES 
pH 7.5, 500 mM NaCl, 500 mM Imidazole, 5% Glycerol, and 5 mM MgCl2.  Purified sample was 
loaded onto a HiLoad S200 16/60 PR gel filtration column equilibrated with buffer containing 20 
mM HEPES pH 7.5, 150 mM NaCl, 5% Glycerol, 5 mM MgCl2, and 5 mM DTT.  Protein was 
analyzed by SDS-PAGE, snap frozen in liquid nitrogen, and stored at -80°C (9). 
 
 Site-directed mutagenesis 
Site-directed mutants were generated using the overlap extension method.  PCR reactions 
(50 μL) containing 1 ng of plasmid encoding wild-type L-lyxonate dehydratase, 5 μL of 10× PCR 
buffer, 4 mM MgCl2, 2 mM dNTPs, 40 pmol of each primer, and 0.5 unit of Phusion (NEB) were 
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performed to yield megaprimers.  The 3′-megaprimer was constructed using the T7term primer 
and a sense primer encoding the desired mutation. The 5′-megaprimer was constructed using the 
T7pro primer and an antisense primer encoding the desired mutation. The PCR cycle was as 
follows: 95 °C for 4 min followed by 26 cycles of 95 °C for 45 s, 55 °C for 45 s, and 72 °C for 2 
min and 15 s followed by 7 min at 72 °C. The primers were purified by 1% agarose gel 
electrophoresis followed by gel extraction (Qiagen).  The second reaction mixture (50 μL) 
contained 5 μL of 10x PCR buffer, 4 mM MgCl2, 2 mM dNTPs, 40 pmol each of T7pro and 
T7term, 200 pmol of each megaprimer and 1 unit of Phusion enzyme.  The PCR cycle described 
above was utilized for this reaction. The mutant fragments were digested with XhoI (NEB) 
and NdeI (NEB) and cloned into the pET-15b vector.  The plasmids were sequenced to confirm 
the presence of the expected mutations.  
 
 Growth experiments   
Luria Bertani broth (LB) cultures (4 mL) of single colonies were grown overnight. Then 
the cultures were washed three times with 0.5 mL of M9 minimal medium (6.78 g/L Na2HPO4 
7H2O, 3 g/L KH2PO4, 1 g/L NH4Cl and 0.5 g/L NaCl).  The cells were resuspended in M9 medium 
and then used to inoculate fresh 4 mL glucose M9-minimal media cultures to a starting OD600 of 
0.05.  The cultures were grown to OD600 of 0.4; then the cells were washed three times in M9 
minimal medium.  The washed cells were used to inoculate 300 μL of the M9 medium containing 
a library of aldonates and aldoses in a Honeycomb 2 plate. The experiments were performed at 37 
ºC using a Bioscreen-C automated growth curve analysis system measuring absorbance at 600 nm 
every 20 minutes. 
 
 Quantitative PCR with reverse transcription (qRT-PCR) on the LyxD genome 
neighborhood 
Pseudomonas aeruginosa PAO1 ATCC 47085 was grown in 5 mL of 0.4% glucose M9 
minimal medium.  The cells were harvested and washed 3 times with M9 minimal medium. The 
cells were used to inoculate two 5 mL cultures of M9-minimal medium, one containing 0.4% 
L-lyxonate and the second 0.4% glucose. Both cultures were grown to a final cell density OD600 
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of 0.1.  Then cells were grown aerobically at 37 °C to an OD600 of 0.5. For preparation of RNA, 
an equal volume of RNAprotect Bacteria Reagent (Qiagen) was added to each culture.  After 5 
min, the cells were harvested (10,000xg for 5 min at 4 °C); RNA was isolated from the cells using 
an RNeasy Mini Kit (Qiagen) following the manufacturer’s protocols.  The isolated RNA was 
quantitated by measuring the absorbance at 260 nm, with one OD corresponding to 44 μg mL-1.  
The purity and integrity of the RNA purity were assessed spectrophotometrically and with a 2% 
agarose gel.   
 
 
 
 
 
 
 
 
 
 
 
Reverse transcription was performed on 1 µg of RNA by using the RevertAid H Minus 
First Strand cDNA synthesis kit (Fermentas) according to the manufacturer’s protocol.  For each 
gene, one µL of the resulting cDNA was PCR-amplified in a 20 µL mixture reaction.  Primers for 
each gene were designed by Universal Pro-Be library system (Roche Applied Science).  Real-time 
PCR was carried out in 96-well plates using a Roche LightCycler 480 (LC480).  The 20 μL PCR 
reaction was prepared by adding 1 μL cDNA template, 2 μL each of 150 nM forward and reverse 
primers, and 10 μl of SYBR 2X Concentration Green Master Mix (Roche).  Also, real time PCR 
reactions with isolated RNA samples as template were performed to assess contamination by 
Table 5.1 Sequences of the primers used in qRT-PCR experiment 
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genomic DNA. The PCR conditions were: one cycle at 95°C for 5 min, 40 cycles of ampliﬁcation 
at 95°C for 15 s followed by 60°C for 1 min.  The efficiencies of the primers were calculated as 
95 ± 2%. The gene expression data were expressed as Cp or cross point value; the 16S rRNA gene 
was used as a reference.  The data were analyzed by 2–ΔΔCT calculation method (10) and are the 
averages of three biological replicates.  Primer sequences are provided in Table 5.1. 
 
 Crystallization and Data Collection 
LyxD from L. aggregata IAM 12614 (UniProt ID A0NP48) was crystallized by the sitting 
drop vapor diffusion method using Hampton Research crystallization screens.  The protein solution 
(0.5 µL; 12 mg/mL) was mixed with an equal volume of reservoir solution and equilibrated against 
100 µL of the same reservoir solution at room temperature.  Acceptable crystals were obtained 
using 0.5 M magnesium formate and 0.1 M Bis-Tris, pH 6.5 as precipitant.  Crystals were mounted 
on cryoloops using 20% glycerol as cryoprotect and were flash-frozen in liquid nitrogen. X-ray 
diffraction data were collected at 100 K at beamline X29 of National Synchrotron Light Source, 
Brookhaven National Laboratory.  The crystals belong to tetragonal space group I422 with the unit 
cell parameters a = b = 135.24 and c = 116.73 Å.  Data collection statistics are presented in 
Table 5.2. 
The diffraction data were processed and scaled using HKL2000 to generate unique set of 
X-ray intensity data (11).  The structure was solved by the molecular replacement method using 
MOLREP (search model: 3SQS) and initially refined as rigid body (12).  The initial model was 
used to generate phases, and the structure was rebuilt by ARP-wARP (13).  The model was refined 
in stages by CNS 1.1; the refinement parameters are included in Table 5.2 (14).  Model evaluation, 
addition of water molecules, and fine adjustment of the final model were carried out with COOT 
(15).  Structure refinement converged with excellent geometrical parameters of bond lengths and 
angles.  Model coordinates and structure factors have been deposited to the PDB (3STP).  Because 
the protein sample was prepared in the presence of 5 mM MgCl2 and crystallized with magnesium 
formate, a magnesium ion with six coordination sites was modeled in the active site.  
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Table 5.2 Data collection and refinement statistics 
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5.3 Results and discussion 
 Sequence similarity network 
A representative node sequence similarity network for the acid sugar dehydratases in the 
enolase superfamily is shown in Figure 5.1 (MR, D-glucarate dehydratase, and D-mannonate 
dehydratase subgroups).  This network was constructed using a BLAST e-value threshold of 10-85 
and collects all sequences sharing >95% sequence identity into the same “metanode”.  The circled 
cluster in Figure 5.1 represents the sequences that are the subject of this study.  At this e-value 
threshold, the sequences in the various clusters share ~40% sequence identity.  Gray nodes 
represent proteins for which the in vitro activity is unknown; nodes that are colored have assigned 
in vitro activities (16).  
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Figure 5.1 Representative node sequence similarity network for the enolase superfamily member 
excluding the enolase subgroup.  Sequences are shown schematically as nodes (circles); BLAST 
connections with E-values ≤ 10−85 are shown as edges (lines) that connect the nodes. At this 
e-value, sequences with known functions cluster together suggesting that the other clusters likely 
are isofunctional.  Sequences that have unknown functions are colored gray. The circled cluster 
is the LyxD family.  
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To date, 9 different functions have been reported within the MR subgroup, MR and 8 acid 
sugar dehydratases with different substrate specificities, including D-arabinonate dehydratase 
(AraD) (17), L-fuconate dehydratase (FucD) (2), D-galactonate dehydratase (GalD) (18), D-
tartrate dehydratase (TarD) (19), D-gluconate dehydratase (GlcD) (20, 21), L-talarate/galactarate 
dehydratase (TalrD/GalrD) (22), L-galactonate dehydratase (23), and L-rhamnonate dehydratase 
(RhamD) (16). Enzymes with novel substrate specificities/functions are expected to populate the 
gray clusters.  
 
 Substrate identification using the acid sugar library 
Two uncharacterized proteins, one from Verminephrobacter eiseniae (UniProt ID 
A1WLE4) and the second from Dianorosiobacter shabila (UniProt ID A8LS88), were screened 
for dehydration activity on a library of di- and mono-acid sugars using the semicarbazide assay 
(2).  After a 16 hr incubation at 30 °C, both proteins quantitatively converted 1 mM L-lyxonate 
and 1 mM D-gulonate to their 2-keto-3-deoxy dehydration products; 1 mM L-mannonate was 
converted to its dehydration product with a 50% yield. 
  
 
 
 
 
 
 
 
 
 
Table 5.3 Kinetic constants for LyxD and its mutants. 
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 The configurations of these three acid sugars are identical at carbons 2-4 (Scheme 1). The 
kinetic constants for the three substrates were determined for both enzymes using a coupled 
enzyme assay.  Dehydration of L-lyxonate and D-gulonate occurred with values for kcat/Km of ~10
4 
M-1s-1 (Table 5.3); in contrast, dehydration of L-mannonate occurred with low catalytic efficiency.   
Scheme 1 
  
 
 
 
 
 
 Growth analysis of LyxD Genome neighborhood of Pseudomonas aeruginosa on 
aldonates and aldoses 
We used Pseudomonas aeruginosa PAO1 to determine the in vivo functions of these enzymes 
because 1) its genome is expected to encode an efficient LyxD (70% sequence identity with 
A1WLE4 and A8LS88; Table 5.3; the specificity determining residues in the active site are 
conserved), and 2) the organism is genetically tractable.  Using M9 minimal medium in the 
presence of 0.4% L-lyxonate, D-gulonate, or L-mannonate, growth was observed only with L-
lyxonate (Figure 5.2); therefore, we conclude that P. aeruginosa PAO1 has a catabolic pathway 
for utilization of L-lyxonate.   
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In many sugar catabolic pathways, an aldose is oxidized by a dehydrogenase to form an 
aldonolactone; after hydrolysis by a lactonase, the linear aldonate is dehydrated and further 
catabolized.  Accordingly, we also attempted to grow P. aeruginosa in the presence of L-lyxose, 
D-gulose or L-mannose; however, no growth was observed (Figure 5.3). 
  
 
Figure 5.2 Growth screening of Pseudomonas aeruginosa PAO1.   P. aeruginosa PAO1 can 
utilize L-lyxonate, D-gulonate, L-mannonate and L-arabinonate as carbon source.  E. coli is not 
able to metabolize L-lyxonate. 
 
 100 
 
 
Figure 5.3 Growth phenotypes of Pseudomonas aeruginosa PA01 and E. coli on several aldoses.  
 
The genome neighborhood of the gene encoding LyxD in P. aeruginosa PAO1 is shown 
in Figure 5.4; this genome context is conserved for other members of the LyxD family including 
the two kinetically characterized LyxD (UniProt IDs A1WLE4 and A8LS88).  A plausible 
pathway for catabolism of L-lyxonate is shown in Scheme 2.  This pathway involves dehydration 
of the product of the LyxD-catalyzed reaction, 2-keto-3-deoxy-5R-hydroxypentanoate, aka 
2-keto-3-deoxy-L-lyxonate (L-Kdl) or 2-keto-3-deoxy-L-arabinonate (L-Kda), to generate 
α-ketoglutarate semialdehyde (αKGS) that is the substrate for a dehydrogenase that generates 
α-ketoglutarate, an intermediate in the citric acid cycle.  Candidate proteins to perform both of 
these functions are encoded by the genome neighborhood.  
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Scheme 2 
  
Figure 5.4 The genome neighborhood of the gene encoding LyxD in Pseudomonas aeruginosa 
PAO1. The functions of the proteins were predicted based on the identities/functions of their 
closest homologues. From RT-PCR, the genes encoding LyxD and L-KdlD colored in purple are co-
transcribed. The transporter presumably is a L-lyxonate transporter 
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 Transcriptomics 
To investigate whether the genes that encode the LyxD and the putative L-Kdl dehydratase 
and KGS dehydrogenase are up-regulated when P. aeruginosa PAO1 is grown on L-lyxonate as 
carbon source, qRT-PCR was used to measure transcript levels relative to the level observed with 
D-glucose as carbon source (Table 5.1). The genes encoding these putative enzymes in the 
L-lyxonate catabolic pathway as well as others in the genome neighborhood are upregulated 5- to 
20-fold when L-lyxonate was used as carbon source compared to growth on D-glucose 
(Figure 5.5).  The up-regulated genes encode a member of the amidohydrolase (AH) superfamily 
(IPR006992), a member of the 4-hydroxythreonine-4-phosphate dehydrogenase family 
(IPR005255; PdxA-like protein), LyxD (IPR001354), a member of the fumarylacetoacetate 
hydrolase superfamily (IPR005255; the putative L-Kdl dehydratase), and a dehydrogenase 
(IPR016161; the putative KGS dehydrogenase; KGSDH).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 QRT-PCR results. The genes in the genome neighborhood of LyxD 
are upregulated 5-20 fold when the bacteria are grown on L-lyxonate 
(compared to D-glucose) 
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We also used the cDNA generated from the RNA transcripts isolated when L-lyxonate was 
used as a carbon source to determine which genes are cotranscribed, with the expectation that these 
would participate in the same pathway.   In Figure 5.4, the genes on the same transcript are 
designated with the same color: 1) green, a transporter, the member of the AH superfamily and the 
PdxA-like protein; 2) magenta, a second transporter, LyxD, and L-Kdl dehydratase; 3) orange, 
KGSDH.  These transcript assignments are in good agreement with the qRT-PCR results in which 
genes on the same transcript are equivalently up-regulated. 
 
 Characterization of the pathway enzymes: L-Kdl dehydratase 
To further explore the L-lyxonate catabolic pathway, the genes that were up-regulated in 
P. aeruginosa PAO1 were separately cloned into the pET-15b expression vector and 
overexpressed, and the proteins were purified to homogeneity. Unfortunately, the putative LyxD 
was expressed as an insoluble protein; however, because it shares 70% sequence identity with the 
kinetically characterized LyxDs and its active site contains the same substrate specificity 
determining residues (vide infra), we conclude that this protein is a LyxD.    
On the basis of the transcript analysis and the known functions of homologues of the 
proteins encoded by the neighboring genes (Figure 5.4), we proposed that the next enzyme in the 
catabolic pathway is L-Kdl dehydratase (Scheme 2).  Although L-Kdl is an intermediate in the 
L-arabinose catabolic pathway, the dehydratase that converts L-Kdl to -ketoglutarate 
semialdehyde in that pathway is a member of the dihydrodipicolinate synthase (DHDPS) 
superfamily (24).  
The putative L-Kdl dehydratase encoded by the P. aeruginosa PAO1 genome is a member 
of the fumarylacetoacetate hydrolase (FAH) superfamily (25).  However, the genome 
neighborhoods of Labrenzia aggregata IAM 12614 and several other organisms that encode a 
LyxD lack the putative L-Kdl dehydratase from the FAH family; instead, they include a gene that 
encodes a member of the DHDPS family that likely is the L-Kdl dehydratase. 
The previously characterized 2-keto-3-deoxy-D-arabinonate dehydratase (D-Kda) 
dehydratases in the FAH superfamily utilize Mg2+ to stabilize the enolate anion intermediate (26).  
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The mechanism of the putative L-Kdl dehydratase reaction in the DHDPS superfamily is expected 
to involve formation of a Schiff base between the substrate and an active site Lys residue (27).   
The kinetic constants for the FAH superfamily L-Kdl dehydratases from P. aeruginosa PAO1 
(UniProt accession ID Q9I1Q1) and Agrobacterium tumefaciens strain C58 (UniProt accession ID 
Q7CX99) and the DHDPS superfamily dehydratase from L. aggregata (UniProt accession ID 
A0NP47) were measured with a coupled enzyme assay (Table 5.4).  The catalytic efficiencies of 
all three dehydratases are 104 - 105 M-1 s-1, so these analogous enzymes have evolved to catalyze 
the reaction with the same catalytic efficiencies. 
 
 
 Characterization of the pathway enzymes 

 Characterization of KGSDH 
The proposed function for the next enzyme in LyxD catabolic pathway (UniProt accession 
ID Q9I1Q0, Figure 5.4) is to form α-ketoglutarate from α-ketoglutarate semialdehyde, the product 
of the L-Kda/L-Kdl dehydratase (Scheme 2). The kinetic constants were determined with a 
spectrophotometric assay and are presented in Table 5.4.  As predicted, this protein catalyzes the 
KGSDH reaction (catalytic efficiency 105 M-1 s-1).  
 
Table 5.4 Kinetic constants for enzymes in the L-lyxonate catabolic pathway 
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 AH and PdxA-like enzymes 
The genes encoding the AH and PdxA-like proteins are up-regulated in L-lyxonate grown 
cells (green, Figure 5.4); however, they are not involved in the catabolism of L-lyxonate.  The 
substrates for these enzymes are unknown.  The genome for P. aeruginosa PAO1 encodes an 
authentic PdxA protein, so the presence of this paralogue suggests a new, but as of yet unknown, 
function for this PdxA-like protein.  
 
 Phenotypes of transposon-insertion mutants 
To further determine whether the genes in the neighborhood of that encoding LyxD were 
required for growth on L-lyxonate, we performed growth experiments using strains from a P. 
aeruginosa PAO1 mutant library generated by transposon-insertion mutagenesis (28).  Mutant 
strains containing disruptions in the genes encoding LyxD, the nearby transporter, and L-Kdl 
dehydratase (purple, Figure 5.4) lost the ability to grow on L-lyxonate (Figure 5.6).  Mutant strains 
containing disruptions in the genes encoding the member of the AH superfamily and the PdxA-like 
protein retained wild type growth on L-lyxonate.   
These results provide further support for not only the in vitro activities but also the results 
from the transcriptomic studies.  Taken together, our in vitro enzymatic assays and in vivo 
physiological studies establish that LyxD, L-Kdl dehydratase, and KGSDH are responsible for 
the catabolism of L-lyxonate. 
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Figure 5.6 Growth phenotypes of knockouts. Knockouts of genes in P. aeruginosa PAO1 
encoding a transporter, PdxA-like protein, porin, L-lyxonate transporter, LyxD and αKGSDH 
were tested for growth on L-lyxonate.  Strains carrying deletions in the genes encoding the 
L-lyxonate transporter, LyxD, and αKGSDH lost their ability to utilize L-lyxonate. 
 
 
 Crystal structure of Apo L-lyxonate dehydratase and homology-modeled liganded 
structure 
A structure for a LyxD from L. aggregata IAM 12614 (UniProt AC A0NP48, with Mg2+, 
PDB entry 3STP) was determined by the Swaminathan lab. This structure showed the bidomain 
architecture observed in other members of the enolase superfamily:  an (+) capping domain and 
a (β/α)7β-barrel domain.  The α+β capping domain contains residues 1-145 at the N-terminus and 
residues 377-390 at C-terminus of the polypeptide; the barrel domain contains residues 146-337. 
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In members of the MR subgroup, the distal portion of the substrate interacts with the 20s 
and 50s loops in the (α + β) capping domain, so these are important in determining substrate 
specificity.  In LyxD, the 20s loop is long, containing residues 14-45 (Figure 6); the 50s loop is 
very short, containing only residues 65-66.   
We were unable to obtain a liganded structure for any LyxD.  The 20s loop is closed in 
PDB entry 3STP, so it was used as a template for in silico docking of L-lyxonate (Figure 6).  The  
ligands for the required Mg2+ ion are Glu 214, Glu 240 and Glu 266 located at the C-terminal ends 
of third, fourth and fifth β-strands.  As expected for a member of the MR subgroup, His316, located 
at the C-terminal end of the seventh β-strand, forms a hydrogen-bonded dyad with Asp289, located 
at the C-terminal end of the sixth β-strand; together they act as the general basic catalyst that 
initiates the reaction.  
In other MR members, two Lys residues are located at the C-terminal end of the second 
β-strand, the first acting as an electrophile to interact with one oxygen of the substrate’s 
carboxylate group and a second acting as an acid/base catalyst.  In the LyxD family, Lys177 and 
Arg 179 (KxR motif) are located at the C-terminal end of the second β-strand.  
 Site-directed mutagenesis of active site residues 
Site-directed mutagenesis studies were performed to investigate the catalytic roles of Arg 
179 and His 316 (Table 5.3).  The H316Q mutant had no detectable catalytic activity, as expected 
if His 316 is the general base that initiates the reaction.  Also, the R179Q mutation also abolished 
LyxD activity.  Mutating Arg 179 to a Lys gave rise to an insoluble protein, preventing kinetic 
characterization. In the vicinity of Arg 179, Tyr 216 points toward the active site; mutation to Phe 
did not affect the activity, suggesting that Tyr 216 has no catalytic role (Table 5.3). The sequence 
alignment of LyxD orthologues showed that His 316 and Arg 179 are conserved (Figure 5.7) (29).  
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5.4 Conclusion 
Many members of the MR subgroup of the enolase superfamily are encoded by gene 
clusters/operons that encode proteins involved in sugar catabolism (e.g. kinases, dehydratases, 
dehydrogenases, aldolases) (22).  The members of the previously uncharacterized cluster in Figure 
1 was identified as LyxDs.  Enzymatic, phenotypic, and transcriptomic data identify the catabolic 
pathway in which LyxD participates, the conversion of L-lyxonate to ketoglutarate.    
  
 
 
Figure 5.7 Panel A, structure of LyxD from L. aggregata IAM 12614 (PDB: 3STP).  The “20s 
loop” is colored orange. Panel B, active site structure.  The substrate is colored green and the 
specificity-determining residues are colored gray. Residues in yellow are conserved catalytic 
residues. 
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 APPENDIX A: BUFFERS, MEDIA, AND REAGENTS 
A.1 Buffers for Nickel Affinity Column Chromatography 
 
8x BINDING BUFFER (2L) 
40 mM Imidazole (5.45 g) 
4 M NaCl (467.52 g) 
160 mM Tris-HCl at pH 7.9 (38.75) 
40 mM MgCl2 (16.26 g) 
 
8X WASH BUFFER (2L) 
480 mM Imidazole (65.36 g) 
4 M NaCl (467.52 g) 
160 mM Tris-HCl pH 7.9 (38.75 g) 
40 mM MgCl2 (16.26 g) 
 
4X ELUTE BUFFER (2L) 
4 M Imidazole (544.64 g) 
2 M NaCl (233.76 g) 
80 mM Tris-HCl at pH 7.9 (19.38 g) 
20 mM MgCl2 (8.13 g) 
 
8X CHARGE BUFFER (2L) 
400 mM NiSO4 (210.272 g) 
 
4X STRIP BUFFER (2L) 
400 mM EDTA disodium salt (297.76 g) 
2 M NaCl (233.76 g) 
80 mM Tris-HCl pH 7.9 (19.38 g) 
~ 70 g NaOH added to dissolve, pH to 7.9 
with HCl 
 
1 M NaOH (80 g for 2 L) 
 
1 M NaCl (116.88 g for 2 L) 
 
50 % EtOH by volume 
 
 
 
A.2 Buffers for Anion Exchange Chromatography 
LOW SALT (4L) 
20 mM Tris-HCl pH 7.9 
5 mM MgCl2 
 
HIGH SALT (4L) 
20 mM Tris-HCl pH 7.9 
5 mM MgCl2 
1 M NaCl 
 
A.3 Buffers for Phenyl Sepharose Column Chromatography 
PRE-EQUILIBRATION BUFFER 
20 mM Tris-HCl pH 7.9 
5 mM MgCl2 
1 M (NH4)2SO4 
ELUTION BUFFER 
20 mM Tris-HCl pH 7.9 
5 mM MgCl2 
 
A.4 Buffers for Amylose Column Chromatography 
BINDING BUFFER (BUFFER A) 
20 mM Tris-HCl pH 7.9 
5 mM MgCl2 
200 mM NaCl 
 
0.1% Sodium Dodecyl Sulfate (SDS) 
 
1 M NaCl 
 
 
 
ELUTION BUFFER 
20 mM Tris-HCl pH 7.9 
200 mM NaCl 
1 mM EDTA 
10 mM maltose 
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NOTE: Dialysis is insufficient to eliminate 
maltose from MBP tag; anion exchange 
must be performed. 
 
 
 
A.5 Solutions for SDS-PAGE and DNA gels 
STACKING BUFFER (200 mL) 
0.5 M Tris pH 6.8 (12 g) 
0.4% SDS (0.8 g) 
 
SEPARATING BUFFER (200 mL) 
1.5 M Tris pH 8.8 (36.3 g) 
0.4% SDS (0.8 g) 
5% STACKING GEL 
0.6 mL 40% Acrylamide (29:1) 
3.1 mL ddH2O 
1.25 mL 4x Stacking buffer 
50 uL 10% ammonium persulfate 
17.5 uL TEMED 
 
10% SEPARATING GEL 
2.5 mL 40% Acrylamide (29:1) 
5 mL ddH2O 
2.5 mL 4x Separating buffer 
50 uL 10% ammonium persulfate 
9 uL TEMED 
 
5X SDS Running Buffer (10L) 
938 g Glycine 
151 g Tris 
Dissolve in 4L water 
50 g SDS 
Fill to 10 L 
 
50X TAE running buffer for agarose gels 
(2L) 
484 g Tris 
114.2 mL glacial acetic acid 
200 mL 0.5 M EDTA 
Dilute 200 mL 50X TAE in ddH2O for 10L 
running buffer 
 
A.6 Dyes and stains for DNA and Protein Gel Electrophoresis 
6X AGAROSE DNA DYE (20 mL) 
50 mg Bromophenol blue 
50 mg Xylene Cyanol FF 
3 g Ficoll 
 
2X SDS-PAGE SAMPLE DYE (1 mL) 
100 μL 1M Tris pH 7.9 
200 μL 1M DTT 
40 mg SDS 
0.5% Bromophenol blue 
200 μL 10% glycerol 
360 μL ddH2O 
 
 
 
 
COOMASSIE GEL STAIN (1L) 
1 g Coomassie Blue R-250 (BioRad) 
450 mL MeOH 
450 mL H2O 
100 mL glacial acetic acid 
 
COOMASSIE GEL DESTAIN (2L) 
100 mL MeOH 
140 mL glacial acetic acid 
1760 mL H2O 
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A.7 Media for Esherichia coli growth 
SOB MEDIUM (1L) 
20 g bacto-tryptone 
5 g bacto-yeast extract 
0.5 g NaCl 
 
SOC MEDIUM 
SOB medium plus 20 mM sterile glucose 
 
M9 MINIMAL MEDIUM (1L) 
To 750 mL sterile deionized water cooled to 50 ºC or less, add 
 200 mL 5X M9 salts 
5X M9 (1L) 
64 g Na2HPO4·7H2O 
15 g KH2PO4 
2.5 g NaCl 
5.0 g NH4Cl 
Divide into 200 mL aliquots and sterilize by autoclaving 
 2 mL 1 M MgSO4, prepared separately and sterilized by autoclaving 
 20 mL 20% liquid carbon source, prepared separately and sterilized by filtration 
 0.1 mL 1 M CaCl2, prepared separately and sterilized by autoclaving 
 
A.8 PCR reagents 
GIBSON ASSEMBLY 
5X Isothermal reaction buffer (6 mL) 
3 mL 1M Tris-HCl pH 7.5 
1.5 g PEG-8000 
300 μL 1M MgCl2 
300 μL 1M DTT (0.154 g in 1 mL) 
300 μL 100 mM NAD+ (70 mg in 1 mL H2O) 
60 μL 100 mM dATP 
60 μL 100 mM dCTP 
60 μL 100 mM dGTP 
60 μL 100 mM dTTP 
Store in 100 μL aliquots at -20 ºC 
 
1.33X Assembly master mix (375 μL) 
98.2 μL 5X Isothermal reaction buffer 
218 μL sterile water 
2 μL* 10X-diluted T5 exonuclease (Epicenter TSE4M1K) 
6.8 μL Phusion DNA polymerase 
50 μL Taq DNA ligase (NEB) 
Aliquot 15 μL into tubes and store at -20 ºC. This mixture can tolerate multiple freeze-thaw 
cycles and can remain stable for up to 2 years. 
*This amount is good for overlaps up to 80np; for overlaps greater than 80 bp, use 3.2 μL T5 
exonuclease.  
115 
 
 
115 
 
APPENDIX B: LIST OF ACID SUGARS IN SUGAR LIBRARY  
 
 
